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Abstract
The aim of this project was to explore sustainability within the flooring industry 
and in particular from the perspective of InterfaceFLOR, a company with a stated 
mission to become fully sustainable by 2020. This general aim has been met with 
specific outcomes that contribute incrementally to existing activities and more 
radically to the future portfolio of InterfaceFLOR.
Analysis of the flooring industry, considering both the supplier and user 
perspectives, showed that a variety of requirements are placed on a floor by 
different consumers in different contexts. This has resulted in a diverse range of 
flooring materials being produced that fulfil these demands in different ways. 
Further, it has been shown that revolutionary concepts, considered as part of this 
project, may be accepted by consumers.
A detailed analysis of the current processing engineering used by InterfaceFLOR in 
manufacturing carpet backing material was undertaken, with the aim of facilitating 
the introduction of recycled feedstock. The analysis identified faults with the 
existing process and suitable modifications enabled the process to be improved and 
the more environmentally sustainable recycled feedstock to be introduced 
subsequently.
Since incremental changes alone will only create a more sustainable process, but 
will not provide a fully sustainable product, the emphasis of the work then 
switched to the development of revolutionary innovations concepts.. During the 
course of this project InterfaceFLOR has established an ‘Innovations Network’- a 
group of internal and external experts that has in turn facilitated the investigation of 
a number of innovative projects. The second half of this thesis describes a proposal 
and feasibility study of a range of innovative flooring products. This then led to the 
investigation of a novel resin system (epoxidised linseed oil), based on a renewable 
material.
The investigation of the resin material has identified the potential use of proxy tests 
to screen a group of similar flooring materials. The use of proxy tests means that 
less material is needed and there is the possibility of exploring a greater amount of 
processing variations in an efficient way. The novel material was shown to perform 
adequately as a flooring product (compared to existing products) in an investigation 
which used several analysis techniques, the results of which correlated well with 
present standard flooring tests and visual assessment methods.
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Glossary of Terms
Backing- Fabrics and yams that make up the back of the carpet as opposed to the 
carpet pile or face. In tufted carpet:
• Secondary backing- Fabric laminated to the back of the carpet to increase 
dimensional stability.
• Primary backing- A woven or nonwoven fabric in which the yam is inserted 
by the tufting needles.
Biopolymer- A polymer that is based on renewable resources and not 
petrochemicals.
Bioresin- A resin that is based on renewable resources.
Construction- The manufacturing method (i.e., tufted, woven) and the final 
arrangement of fibre and backing materials as stated in its specification.
Cross-linker- A chemical that has the ability to provide cross-linking of another 
through the use of atomic bonding.
Cut Pile- A carpet fabric in which the face is composed of cut ends of pile yam.
Cut-Loop Pile- A carpet fabric in which the face is composed of a combination of 
cut ends of pile yams and loops
ELO- Epoxidised linseed oil. An oil produced from the flax plant that is then 
epoxidised.
Face-yarn- The result of yam tufted through a cloth to form the top-cloth.
Floor Covering- This is any covering for a floor such as carpets and mgs and will 
generally be soft flooring
Flooring- This is divided into two categories- soft and hard. It is defined as 
stmctural for the purposes of flammability requirements.
Fusion bonding- A method of producing carpet whereby individual short lengths 
of yam are held vertical and then secured in place with a primary backing.
Glasbac- A patented backing system for carpet tiles manufactured by 
InterfaceFLOR. It is manufactured from thermoplastic resins, fillers and fibreglass.
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Graphlex- A patented backing system for carpet tiles manufactured by 
InterfaceFLOR. It is manufactured from bitumen, polymers, fillers and fibreglass.
Level Loop- The pile loops of yam are of substantially the same height and uncut, 
making a smooth, level surface.
Linoleum- Hard-wearing flooring product made from oxidised linseed oil.
Loop Pile- Carpet style having a pile surface consisting of uncut loops. May be 
woven or tufted. Also called “round wire” in woven carpet terminology.
PAF- Pour-A-Flor. An innovative concept based on the idea of pouring a floor 
from a tin.
Pilling- A condition of the carpet face (which may occur from heavy traffic) in 
which fibres from different tufts become entangled with one another, forming 
tangled masses of fibres. Pills may be cut off with scissors.
Pre-coat- A coating typically made from latex, used to secure the tufts in the 
topcloth. It is applied before the backing system.
PVC- Poly-vinyl-chloride. A versatile thermoplastic used in a number of 
applications.
Renewable resources- Those materials that can be grown and/or created in one 
human lifetime. This definition does not include materials that have to be mined 
and they must be easily replaced.
Resilience- Ability of carpet pile or cushion to recover original appearance and 
thickness after being subjected to compressive forces or crushing under traffic.
Strike-through- A fault in tile manufacturing whereby backing system fluids seep 
through the pre-coated top cloth and are seen on the surface of the product.
Top cloth- A construction formed by yam typically tufted through a cloth. 
However, it can be produced by a process known as fusion bonding or other 
methods. This is the surface of the carpet that is exposed.
Tufted- Carpet manufactured by the insertion of tufts of yam through a carpet- 
backing fabric, creating a pile surface of cut and/or loop ends.
Woven- Carpet produced on a weaving loom in which the lengthwise yams and 
widthwise yams are interlaced to form the fabric, including the face and the 
backing.
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Executive Summary
Climate change and sustainability have become increasingly important issues on 
the political agenda in recent times. Tony Blair called the climate change issue 
“probably, long-term the single most important issue we face as a global 
community” and made it a priority during the UK’s presidency over the G8. In 
2005 the G8 summit in Gleneagles agreed to “act with resolve and urgency now” 
on the issue of climate change (Gleneagles, G8,2005).
The entire world, developed and developing is now under pressure to consider the 
effect of their actions and sustainability has become a worldwide issue on the 
global agenda. Markets for low-carbon technologies are growing and by 2050 
could be worth at least US$500 billion (Stem, 2006). There are a multitude of 
companies that are now using their ‘green credentials’ as a marketing tool. Sales of 
‘Fair Trade’ goods increased from £140 million in 2004 to £195 million in 2005 
(Department for International Development, 2008) and this market is expected to 
continue to grow.
A significant part of the global economy is the flooring industry, with steady 
growth and over US$63 billion sales predicted in 2008 (Freedonia Group Research 
Studies, 2003). The carpet industry is the largest sector of the flooring market and 
now worth around US$25 billion (ibid.). The world’s largest commercial carpet 
and carpet tile manufacturer is InterfaceFLOR (Interface Website, 2007). There is 
therefore considerable pressure from several sources- both externally and internally 
on the company to become more sustainable.
The first chapter of this report describes the need for all industries to become more 
sustainable. There are various methods that are being implemented in order to 
achieve this, Marks and Spencer for example has its well-advertised ‘Plan A’(BBC, 
2007) and people are making similar more sustainable choices at both work and 
home. The flooring industry has been tackling this on an individual basis by 
modifying current products. It has traditionally operated on a take-make-waste 
scenario and large amounts of material, energy and processing have been required 
to produce just a few metres of product. InterfaceFLOR is one example of a 
flooring company that has made constant reductions in environmental impacts by 
reducing these inputs, whilst producing a consistent product.
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In Chapter 1 a review of the service proposition that flooring provides is described. 
The result of this research indicates that there is a mix of requirements for a floor. 
Different consumers, segments and areas result in a need for a range of properties 
for the floor from luxurious to practical, from contemporary to traditional and from 
fun to subtle. There are many different requirements that consumers place on 
flooring products.
The social research described in this chapter shows that consumers make strong 
distinctions between categories of floor and class their purchases as either practical 
or emotional. Consumers also divide their flooring into temporary or permanent 
purchases. The way in which a room is used also has a significant impact on the 
type of flooring considered for that area. The result of this research indicated that 
there is a mix of requirements for a floor. Different consumers, segments and areas 
result in a need for a range of properties for the floor from luxurious to practical, 
from traditional to contemporary and from fun to subtle.
Perhaps as a result of the distinction by consumers between types of flooring it is 
divided into two categories: hard (smooth) and soft (textile). Hard flooring makes 
up 35 % of the flooring market by value, although it is only 23 % by volume 
(Mintel, 2006). It includes laminate, vinyl, linoleum and PVC tile. Soft flooring, 
the remainder of the market, includes mostly carpet and carpet tile.
The different categories of flooring are analysed and research is conducted into 
how the different flooring products fulfil the service requirements. Sustainability 
within the flooring industry is explored and the way in which these products might 
fit with InterfaceFLOR’s objectives is considered. It is shown that lessons could be 
learned from some of the manufacturing techniques currently in use, that could aid 
the development of a new type of flooring. These include the use of single material 
products, renewable material, recyclable material (naturally or technically) and low 
energy in manufacturing. It is concluded that there are no existing products in the 
marketplace that can satisfy the needs of consumers in a fully sustainable way.
It is also noted that most flooring is not replaced when it reaches the end of its 
practical usefulness as a flooring product; rather it is replaced for cosmetic reasons. 
This indicates that the appearance of a floor can be important both in selecting a 
floor and in use. This research shows that there is opportunity in the marketplace 
for novel flooring solutions that may be more sustainable than current products, as 
long as the description of the unique service they offer is well-defined and well- 
presented.
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Chapter 1 describes the Innovations Workshop facilitated by InterfaceFLOR, 
created in order to assist in the creation and development of innovative ideas. This 
exercise shows that external persons can be particularly useful in creating a 
different view on a problem that has been tackled for so long in a particular way. 
This group also provides expertise that can not be found within InterfaceFLOR.
The members of the ‘Innovations Network’ ultimately are watch keepers of the 
Innovations Pipeline of ideas to ensure that the main purpose of the Innovations 
Team and the innovations concepts is not diluted.
The results of the workshops and the network are described and InterfaceFLOR 
now has a different perspective on innovation. The group of innovators- both 
internal and external will validate the concepts held in the pipeline. InterfaceFLOR 
has learned through this process that it is not possible to undertake innovation 
alone. The business needs to support the idea of ‘innovation’ as something which 
does not have 100 % success. Agreement and certainty are not always necessary 
for these projects as they had been for previous incremental product improvement 
(Stacey, 1996).
The history of the flooring industry is described in Chapter 2. This enables the 
background and the scope of the project to be understood within the context of a 
specialised industry. Current products fulfil consumer requirements that have 
developed over a long period of time. It can be concluded that the product is not 
modified because it is important not to change what the consumer perceives they 
obtain when purchasing a product. The first part of this project therefore continues 
this general trend in that the current products are considered and analysed.
Flooring products in the market have been extensively tested using strict industry 
standards, which are in turn controlled by the British Standards, some of which are 
described in Chapter 2. It is concluded that any new flooring product would have to 
pass these tests in order to be accepted by the market. However, these tests require 
a full product to be manufactured for testing purposes. Each time that a product is 
altered in any way, such as a new face yam for a carpet tile, the flooring will have 
to undergo the complete complement of tests.
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InterfaceFLOR produces carpet tiles that are evaluated using these flooring tests. 
For the first phase of this project, in order to help bridge the gap between the status 
quo at InterfaceFLOR and its ‘Mission Zero’, the current product is assessed. This 
involves examining the advances already made towards the sustainability goal 
within the context of processing of the current product. One way of potentially 
reducing the environmental impact of a product, whilst retaining performance, is to 
introduce recycled content. This had already been achieved with the availability of 
recycled face yam for carpet tiles. Another was identified as introducing recycled 
feedstock for the filler that makes up a majority of the product by weight.
However, the current processing conditions first needed to be refined before 
feedstock could be altered. This investigation is described in Chapter 3 of this 
portfolio.
A detailed analysis of the current processing engineering used by InterfaceFLOR is 
undertaken. It was well-known within the manufacturing process that the ideal line- 
speed could not be achieved since the carpet tiles could not be cut out of the 
finished roll at the desired speed. However, a new cutting machine with improved 
blades were to be introduced which would mean that this were no longer the 
limiting factor on production. This would then be the movement of filler into the 
backing system.
The analysis described in Chapter 3 identifies these faults within the existing 
process and a description of the optimisation of this process is included here. 
Recommendations are also made for processing conditions; to maintain a 
consistent flow of material by reducing the amount of material stored in the bunker 
SB56. The bunker should begin filling when the mass held was below 130kg and 
stop when the mass held was above 145kg. The agitation in this bunker also aided 
the material flow when held at a pressure of 0.6 bar and with a ratio of 4.5 seconds, 
followed by a break of 1.5 seconds. The implementation of these recommendations 
resulted in a consistent increase in line speed of 25 %.
Once the improvements are made to the line, replacement of feedstock can then be 
considered. Filler is currently removed from a quarry, ground and sieved before 
being sent to InterfaceFLOR. In contrast, the filler considered for replacement is 
currently sent to landfill. The purpose of this phase of the investigation is to 
establish if the two sources could be interchanged and this is described in Chapter 
3.
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Recycled feedstock is assessed for parameters affecting flow through the 
processing system such as particle, size, shape and composition. This data will then 
be combined with the increased confidence in processing and a full-scale trial of 
recycled material is undertaken. The results from this trial showed that alternative 
filler could be tolerated if the material was considered inert and the particle size 
could be held under 300 pm. This result means that that the filler feedstock for the 
backing system is now substituted for recycled material in the process with 
confidence in the machinery, process and method. This is a clear example of 
technological alterations that enables the reduction of environmental impact.
As a consequence of this investigation, in combination with the recycled face yam, 
the recycled content of the carpet tile produced by InterfaceFLOR could be 
increased to greater than 70 wt%. The recycled material is now verified by external 
sources. There are issues with the delivery and availability of recycled material and 
it may have to be mixed with virgin content in order to achieve the quantity 
desired. However, the recycled filler has now been launched commercially and will 
be communicated externally to customers with a guarantee of 33 to 50 wt% 
recycled content in all product. At current production rates this is over 5,000 tonnes 
of material per annum being diverted from landfill.
The investigations of flooring service proposition, current products in the market 
place and InterfaceFLOR’s current product leads to the conclusion that in order to 
fulfil its aim to be fully sustainable, the company requires novel concepts. It is 
shown that it is inherently difficult to be innovative and provide novel solutions 
when part of a single company. Therefore the process of innovation has been 
altered within InterfaceFLOR, described in the first chapter. This change in 
impetus within the company has in turn led to the second phase of this project; the 
investigation of the Pour-A-Flor (PAF) concept. This concept is described as a 
biopolymer system that can be poured onto a substrate. The biopolymer would be 
transparent so that the design from the substrate could be viewed easily. The 
proposal for this concept is investigated and a feasibility study is undertaken.
In order that the concept can be investigated further the current products and 
biopolymers in the marketplace are compared against the concept requirements. 
This is an entirely new concept that has not been described in the literature or 
patents. The PAF concept is further described and the prototype requirements are 
defined. A resin material based on epoxidised linseed oil (ELO) was identified as a 
possible solution to these conditions and investigated further.
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A series of experiments, described in Chapter 4, show that the cure time of the 
ELO-based resin material at room temperature is a major drawback for the PAF 
concept. However it can be reduced significantly by changing molar ratio and the 
addition of catalysts. Some catalysts may not be compatible with the need to have 
sustainable materials and therefore they need to be considered carefully as part of 
the future investigation of this system.
During the course of the investigation of the PAF concept the ELO-based resin 
material is identified as potentially beneficial for the flooring market. This 
investigation spawns a number of alternative concepts that may be fulfilled in the 
mid-term at InterfaceFLOR and although they are not the final answer to the issue 
of sustainability, they may provide intermediate steps. Two that are identified are; 
as a replacement for a poly-vinyl chloride (PVC) tile, Interlock, and as a 
replacement for the PVC used in the backing system of the carpet tile. The 
investigation of the material has therefore continued.
Chapter 5 goes some way to describing the environmental impacts associated with 
the ELO-based resin in comparison with a petrochemical alternative, although a 
full life-cycle analysis should be undertaken before this system is used 
commercially, since it should not have any more negative environmental impact 
that the material it is substituted for. However, it should be noted that a move 
toward renewable material would be advantageous for a commercial manufacturing 
process. The ELO-based resin system can also be competitive with the cost of the 
PVC, provided the same amount of filler is used.
The effects of changing different processing parameters on this material were 
assessed using a series of mechanical tests and are also described in Chapter 5. The 
results of this investigation show that the material cures in a shorter time than 
originally predicted at elevated temperature. The effect of processing parameters on 
mechanical properties are also observed.
Increasing cure temperature above 150 °C has a slight detrimental effect on 
properties and a cure time beyond 20 minutes is not necessary for this system at 
elevated temperature. It is also observed that a molar ratio of Cross-linker: ELO of 
2:1 is the optimum for Young’s Modulus and peak stress. Therefore this 
combination of processing parameters is used for further investigation.
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It is still debatable whether a greater Young’s Modulus, peak stress or strain to 
failure would be more beneficial for a flooring product. The ‘best’ and ‘worst’ 
samples from the tensile tests are compared using the traditional flooring tests and 
this is described in Chapter 6. The results show that the ‘best’ and ‘worst’ samples 
from the tensile tests also produce the best and worst results for the flooring tests. 
The results of this investigation show that, for this particular type of system with an 
epoxidised oil and cross-linker, the tensile tests can be used to indicate 
performance in the flooring tests. This could be particularly useful when 
investigating other cross-linkers for the ELO as the effect of large number of 
processing parameters could be investigated, using a smaller volume of material. 
This means that a greater number of processing conditions could be investigated in 
a more efficient way. This increases the knowledge of this investigation and the 
potential use of this system.
A number of flooring tests are conducted on the resin material, both with and 
without filler. These include the Lisson-Tretrad, Vetterman drum, static loading, 
stain resistance and flammability. The results show that this material can pass these 
tests with a similar rating to the PVC Interlock tile.
A number of samples of the resin material are then manufactured for flooring trials, 
described in Chapter 7. The samples are placed in a high traffic environment for in- 
situ testing. The wear on the material is observed both visually and through the use 
of colour measurement. It is seen that there are some trends in colour change that 
can be observed over the time that flooring is subjected to wear. The results from 
visual inspection show that the flooring samples perform well in-situ and they 
continue to be tested. The combination of assessment techniques have similar 
results and this allows increased confidence in the current visual assessment 
methods, where it is shown that a combination of experience and training is 
advantageous.
The complement of tests shows that the material manufactured from ELO and the 
cross-linker can provide performance under these testing conditions that is 
comparative to a PVC tile. This investigation shows that this novel resin material 
can be fit for the purpose of providing a flooring material. The system is also 
shown to be competitive to PVC as a flooring product in-situ.
Also appended as Volume 2 of this portfolio are the 6-monthly reports that have 
been completed during the process of undertaking this EngD project. It is suggested 
that it is unnecessary that the reader will need to read these in full detail in order to 
understand the research aims and objectives. The research findings and necessary 
accompanying detail are all contained in volume one.
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This project has been divided into two phases as the research has evolved and 
InterfaceFLOR has developed partnerships for innovation. During the course of 
this project, the role of the EngD within InterfaceFLOR altered due to a change in 
the company. The objective of the first phase of this project is to provide the means 
to environmentally improve current product, in the same way that the company has 
been progressing in the preceding 10 years.
During the completion of this work partnerships are developed and the 
‘Innovations Network’ established. The objective of the second phase of the project 
is to investigate a novel biopolymer that may have the potential to be a fully 
sustainable product. This biopolymer is manufactured from some renewable 
material, which in general will go some way to addressing the environmental 
issues.
Through the work conducted in phase 1 of this project, the environmental impact of 
current product is reduced through the introduction of recycled content. This may 
be reduced further by the use of the product of the phase 2 of this project, ELO- 
resin as a backing material, the investigation of which is continuing. The PAF 
concept is expanded and defined. The work also produces a material that may be 
used as a stand-alone flooring product, with performance competitive to PVC and 
reduced environmental impacts.
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Chapter 1 Overview
1.1 Introduction
Climate change and sustainability have become increasingly important issues on 
the political agenda in recent times. Tony Blair called the climate change issue 
“probably, long-term the single most important issue we face as a global 
community ” and made it a priority during the UK’s presidency over the G8. In 
2005 the G8 summit in Gleneagles agreed to “act with resolve and urgency now” 
on the issue of climate change (G8, 2005).
The Stem Review in 2006 again refocused attention onto the issue of climate 
change by highlighting that the poorest countries in the world are those that would 
suffer earliest and with most catastrophic consequences (Stem, 2006). The G8 had 
just committed significant quantities of aid to these countries and therefore some of 
this aid would have to be spent on the consequence of their industrial actions- 
climate change. The report estimated that by moving the economy on a low-carbon 
path US$2.5 trillion could be saved. Unchecked climate change could cost the 
world at least 5% of gross domestic product (GDP) each year; if more dramatic 
scenarios are considered, the cost could be more than 20% of GDP. Each tonne of 
CO2 emitted causes damages worth at least US$85, but emissions could be cut at a 
cost of less than US$25 a tonne. In summary, quick, decisive action now could 
have a profound effect on the economy of the future (ibid.).
The entire world, developed and developing is now under pressure to consider the 
effect of their actions and sustainability has become a worldwide issue on the 
global agenda. Markets for low-carbon technologies are growing and by 2050 
could be worth at least US$500 billion (ibid.). Sales of ‘Fair Trade’ goods 
increased from £140 million in 2004 to £195 million in 2005 (Department for 
International Development, 2008) and this market is expected to continue to grow. 
Sales of hybrid cars in 2006 increased by 23 %, following six years of consecutive 
growth (Motor Trader, 2007).
Sales of organically-produced food, cosmetics and clothes have increased by 20% 
since 2007 and now reach £2 billion. Marks and Spencer, Topshop, H & M and 
Tescos are among the high street chains that have launched organic clothing ranges 
and the value of this market now exceeds £60 million (The Daily Telegraph, 2008).
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An ever-growing number of consumers are buying into the ‘fair trade lifestyle’ and 
it is inevitable that they are translating this into their business purchases. One such 
example is the sales of the first carpet tile based on ‘biomimicry’, Entropy, sold 
almost exclusively to business consumers. Entropy became the biggest selling 
carpet tile within 18 months of its launch (Stansfield, 2008).
The flooring industry as a whole has had steady growth and there are over US$63 
billion of sales predicted in 2008 (Freedonia Group Research Studies, 2003). The 
extent of this industry is described in the next section. The carpet industry is the 
largest sector of the flooring market and now worth around US$25 billion (ibid.).
Like every global industry, the flooring industry has been faced with environmental 
challenges. Some industries have tackled this challenge by providing the same 
service, but in a different way at reduced environmental cost. For example, Thames 
Water has been campaigning for people to clean themselves (the service) via the 
use of a shower rather than bath, thus achieving the same aim with less use of clean 
water and the associated environmental impacts (Thames Water, 2007). However, 
the service that flooring provides is not obvious and this is considered in this 
chapter. Once the service proposition is established, the way in which flooring 
meets the criteria set out in the proposition can be considered. This is described in 
Chapter 2. Any innovative and unique flooring that results as part of this project 
could then be considered in the same way.
The world’s largest commercial carpet and carpet tile manufacturer, who also 
produce the Entropy carpet tile, is InterfaceFLOR (Interface Website, 2007). Since 
1994 InterfaceFLOR has had a ‘Mission Zero’ “to eliminate any negative impact 
our companies may have on the environment by 2020”. It has historically produced 
a product in an energy and material-intensive way, described in section 1.3.3. The 
end product has changed little since the inception of ‘Mission Zero’, as it was 
considered that change of construction may compromise the performance of the 
product, which is critical in this competitive industry. There have been incremental 
reductions in energy required to manufacture, material needed to manufacture, 
waste produced in manufacture and water required to produce each square metre of 
product.
This project began in 2003 with a view to continue the incremental progress made 
towards the goal of 2020 and the prevailing status quo. This began with a review of 
current processing techniques and an assessment of evolutionary progress already 
made to become a more sustainable company. During the course of this project the 
emphasis switched to the development of revolutionary innovations concepts. The 
second half of this thesis describes an investigation into an innovative flooring 
product that may fulfil the needs that are set out in this chapter.
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1.2 The Flooring Industry
1.2.1 Background
The flooring industry was worth over £2 billion in the United Kingdom (UK) alone 
(Mintel, 2006) l. This value excludes accessories such as fitting costs, floor 
preparation and underlay. 65 % of this figure is spent on carpets and rugs, whilst 
the remainder is spent on smooth flooring, which includes laminate, linoleum, 
vinyl, ceramic tiles and others.
The flooring industry has traditionally been closely connected to the health of the 
economy. This is because in times when the economy is less buoyant, there will be 
a less buoyant housing and office market. This will result in a lower need to 
redecorate recently vacated premises. Flooring is also something that is often more 
easily be compromised when economising is required, as there will be less 
investment in refurbishing premises and homes. Therefore the flooring market has 
been particularly reliant on the economic performance of other industries (ibid.).
Currently the flooring market is steadily growing and the value of the market has 
increased by 5.3 % since 2001 (ibid.), despite a decline in volume from 2005 to 
2006, mostly due to the slow-down of the UK economy. In 2006 it was estimated 
that 170 million m2 of carpet and 54 million m2 of smooth floor coverings would be 
sold (ibid.).
Until recently, carpets were the preferred flooring for UK households. However, 
since the 1990s, low-cost laminates have been making enormous gains in the 
market, with a 40 % increase in value from 2001 to 2006 (Mintel, 2006). Some 
consumers are reporting bad experiences with laminate flooring such as poor sound 
insulation, heat insulation, wear and cleanliness and are being driven back to 
carpet. The carpet industry is therefore making some value gains and is now 
showing signs of recovery.
This recent switch in the types of floor that are specified has shown that consumers 
are now more willing to experiment with their choices. This may be as a result of 
the home-makeover style programmes that show the variety of options available to 
those that wish to be more creative in their home environment (Narotzky, 2006).
1 Mintel Research is a global supplier of consumer, media and market research. The company has 
been in business for 35 years producing tailored reports, business and rival intelligence through 
thorough market analysis. It is internationally recognised for its market intelligence and produces
over 600 reports per annum.
The flooring market is varied and extensive and has grown out of a need to satisfy 
a practical purpose, which has since developed into more complicated 
requirements. These are described here in order to understand how the industry has 
developed and become so large and varied.
1.2.2 Flooring Requirements
Consumers make strong distinctions between categories of floor (O’Neill, 2003). 
They divide flooring into permanent and temporary. Those that would be 
considered permanent are more costly materials such as wood and ceramic. 
Temporary floor coverings would be those such as vinyl, laminate and carpet. 
Consumers also see the buying process as either practical or emotional. Practical 
choices would be laminate or vinyl and those emotional choices may be hardwood 
and ceramic.
These practical and emotional requirements are problematic to assess without a 
great deal of social research. InterfaceFLOR commissioned Ibbotson Research and 
Planning to research the requirements of flooring from a customer point of view 
(Ibbotson, Research and Planning, 2004). The aim of the research was to 
understand, explore and test theories with respect to how different consumers 
regarded their flooring needs. This research took the form of extended focus groups 
with home consumers and telephone interviews with ‘specifiers’- those who 
specify which type of flooring will be used in commercial premises.
The group of ‘specifiers’ is small and their choices depend largely on their role 
within the supply chain, which may be as an architect, designer, flooring contractor 
or end user. InterfaceFLOR sells largely to these types of individuals through well- 
established relationships. In section 1.1 the success of the Entropy carpet tile was 
discussed along with the influence of the ‘fair trade lifestyle’. It is suggested that 
the ‘specifiers’ make similar choices for their homes and businesses as they try to 
incorporate their own values in these decision-making processes.
Although some of the groups were attended and personal observations taken, the 
Ibbotson, Research and Planning report is summarised.
Five extended creative focus groups of consumers were segmented according to 
lifestyle. The consumer groups were homeowners who made their own decisions 
on their home decor. They were a mix of gender, ages and economic group who 
lived in a range of properties (age and type). The focus groups were divided into 
the five consumer group life stages: young singles who were professionals, those 
who had partners and no children (DINKies), young families, older families and 
empty nesters (those whose children had left the family home).
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The focus of the groups was to establish the current flooring throughout their 
homes, related motivations for purchase and satisfaction levels. There was also an 
attempt to establish what emotional and functional factors have to be fulfilled by 
each flooring material to meet the needs of different rooms.
Creative stimulus was provided to establish what inspired the consumers and what 
characteristics make up the perfect flooring. This was provided in the forms of 
items and images and the consumers were asked to pick ones that inspired them in 
some way with the brief of creating the perfect flooring for a given room. The 
items included bubble wrap, soft cloth material, stones and mirrors.
The results of the investigation show that each group of homeowners had different 
emotional attachments to their flooring. For example, the empty nesters tend to 
prefer traditional products to suit their older properties such as quality carpets, 
ceramic tiles and vinyl tiles. They sought familiarity, value for money and 
functionality.
Older families again tend to have older, larger homes with natural materials a 
heavy feature of their flooring- wood and stone tiles in particular. Carpets were 
very popular with this group.
Young families were generally situated in traditional semi-detached or terraced 
housing. They had a variety of flooring from traditional carpets throughout the 
home to laminate, ceramic tiles and some carpet tiles.
DINKies had a range of home types, with carpet remaining very popular. Wooden 
floorboards were also popular, along with stone or quarry tiles.
Singles lived in smaller homes such as flats or terraces with original features like 
floorboards or carpets. They were the group most open to a variety of flooring such 
as coir, stone, wood, laminate, tiles and linoleum.
This initial survey showed that there were distinct differences between the ways in 
which each group furnished their home. Each group had a different relationship 
with their flooring. As the groups got older they expected more luxurious flooring 
that was more durable. The younger groups tended to prefer to experiment more 
with their flooring choices and were more likely to go for the less expensive 
options. Therefore age is as much a factor as lifestyle in determining preferences.
This may be reflected in the recent boom in laminate flooring as those younger 
families have purchased more flooring as they enter the housing market. This is 
discussed further in the next chapter.
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The reasons behind the decisions made with choosing flooring were also examined. 
These showed that the empty nesters had high disposable incomes, but they were 
careful spenders- they wanted value for money. They also required flooring with 
little or no DIY and little maintenance. Their priorities were comfort and texture.
Families were divided by their income more than the age of their children. The 
lower income families preferred mass-market products, whereas those with more 
income desired luxury, design and texture. Ease of clean and functionality were 
still important to both.
DINKies preferred designer and innovative products, they were therefore more 
likely to lead trends, or follow quickly. They had limited constraints on their choice 
of flooring and were more likely to spend more.
Singles were style conscious, but aware of the age of their house and the way in 
which natural materials such as wood could be used within this environment. They 
generally had a lower income and therefore constraints did exist. They were not 
typical users of carpet.
The creative stimulus also showed how open these groups were to new ideas when 
asked to give ideas for their perfect room. Firstly they were asked to describe the 
function of the room. These are summarised below.
Kitchens:
• Durable, waterproof, sealed and easy to clean
• Less of a need/desire for texture
• Concerns about dirt trapping and hygiene
• Likelihood of barefoot walking
• There should be a consideration of users- children, pets etc
• “Industrial floors” are emerging as a popular choice
• Laminates and vinyl remain popular
Dining Rooms:
• The requirements depend on design and function- a separate room for 
evening/formal occasions is very different to an open family room used 
3 times a day for 7 days a week
• A room that is more formal tends to have the same demands as lounges
• A more functional room tends to have the same demands as kitchens
Lounges
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• Texture and comfort is vital for most consumers in the lounge
• This is the showpiece room and therefore high quality is required
• Carpets are more popular in this room but wood in combination with
luxurious rugs are also popular
Conservatories:
• The needs of a conservatory depend on the purpose
• To relax, to play or to dine
• It is considered an extension of the family room, dining room or lounge
• Flooring will typically reflect what is used in these connecting rooms- a 
continuation of a theme
Utility rooms:
• These are similar to kitchens- they are more demands for impermeable
material which makes some consumers nervous about modular flooring
Bathrooms- There are two schools of thought for bathrooms that are very distinct:
• Impermeability, which tends to be more in child and male dominated 
households. This results in a more quirky and design-conscious choice
• Texture, which tends to dominate in adult only households or en-suite 
bathrooms. Consumers are looking for a more luxurious feel
Bedrooms:
• The master bedroom is considered to be emotionally a cocoon and 
therefore soft, warm textures are preferred. It is in this room that the 
consumer retains the most emotional attachment to the floor. Lino and 
modular flooring is far less common in this area with wood and 
laminates rarely featuring
• The children’s bedrooms tend to be carpeted, with innovative, quirky 
designs more common. As this area frequently doubles as a play area 
consumers are more open to modular flooring here
• Guest bedrooms follow similar lines to the master bedroom- but on a 
lower budget
The Home Office:
• This is more a functional room
• There is less texture but it does tend to mimic the surrounding rooms, 
hall or landing
Play Rooms:
• It is rare in the UK that there is the luxury of space to have a play room
• If there is a separate area it is often open to all sorts of possibilities with 
different textures, designs and colours
• It needs to be safe, bright and stimulating
Halls and Landings:
• These are high traffic areas and therefore the flooring needs to be 
durable, hard-wearing and easy to clean
• This area is viewed as the ‘face’ of the house and therefore needs to be 
in line with current design trends
• Carpet is still very popular in this area, in line with the need for texture 
and softness, particularly upstairs where it connects with bedrooms and 
bathrooms
This research shows that there are distinctly different requirements for different 
consumers and different areas of the house. The requirements of flooring cannot be 
generalised to a particular set of values. There is more emotional attachment to 
flooring in particular areas of the home, whereas in others practicality takes 
precedence.
The creative stimulus was used to draw out phrases about the perfect rooms for 
each segment. For example, the perfect kitchen was described by the empty nesters 
with words such as soft underfoot, hardwearing, practical naturals and colour. In 
contrast the young families chose words such as practical, safe and subtle. The 
young professionals chose a mix of materials and suggested phrases like bold, fun 
and contemporary.
This research showed that there was a mix of requirements for a floor depending on 
life stage and situation. Different consumers, segments and areas resulted in a need 
for a range of properties for the floor from luxurious to practical to safe to funky, 
fun and contemporary.
It could be concluded that although people do not often consider the floor an 
important part of their lives, it does provide some social value and they consider 
that it can add economic and aesthetic value to their homes.
In recent years there have been greater concerns about the environmental impact 
that any product can have and the flooring industry is also affected by this concern.
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1.2.3 Environmental Concerns
The flooring industry has traditionally operated on a take-make-waste scenario. 
There can be significant volumes of material and large amounts of processing 
required to make just a few metres of product. For example, in the carpet industry 
the yam can be manufactured from petrochemicals, via extrusion, then punched 
through a petrochemical-based cloth, backed several times and then distributed to 
the consumer. This is shown schematically in figure 1.1.
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Flooring is something that can be in place for several years and often the consumer 
has little idea of where the flooring originated from when the time comes for 
disposal. By default, the disposal of flooring then often becomes the consumer’s 
responsibility.
In order to satisfy the practical concerns of the consumer the flooring industry has 
been producing more resilient flooring with claims of longer durability. One such 
example is the linoleum industry that has been usurped by the vinyl industry (Sarin, 
2005), which is described in the next chapter. There are other examples where 
material has been replaced in order to provide a ‘better product’ and as a 
consequence there have been enormous environmental disbenefits such as the 
replacement of wool with nylon in the manufacture of carpet, described in the next 
chapter.
Most carpet is not worn out in its lifetime and is replaced for reasons other than 
destruction of the material. The colour can become outdated, the room may be 
redecorated or the carpet becomes discoloured through spills and excessive 
cleaning. 70% of carpet is discarded for these reasons and could be re-coloured to 
extend the lifetime in service (Color Your Carpet, 2006). Sections of discoloured 
carpet could be selectively re-dyed in-situ without having to remove and replace 
the entire floor. In the US annually 800 million square yards of carpet are land 
filled, of which little can be recycled easily (Weiss, 2003). However, down cycling 
is often used, as previous carpet becomes the filler for a new carpet backing. 
Incineration is an option that may recover some of the intrinsic energy in the 
product, but is often not a socially acceptable alternative (Duchin and Lange,
1998).
Although it has been noted that there may be more environmental impacts than 
ever associated with choosing a floor, it is also worth noting that some industries 
are working to address these challenges. An example of a company that is trying to 
reduce their impacts is InterfaceFLOR who will be discussed in the next section. 
Since InterfaceFLOR is a carpet-tile manufacturer, the industry within which it 
works will first be described.
1.3 The Carpet Industry
1.3.1 Background
The carpet industry began with the weaving of Egyptian cloth around 4,000 years 
ago and was worth around US$25 billion worldwide at the mill level annually in 
2001 (Carpet and Rug Institute, 2001). £3,016 million of carpet was sold to 
consumers in the UK alone in 2006 (Mintel, 2006).
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Carpet will be essentially composed of face yam, primary backing, a bonding 
compound and often a secondary backing. This is shown in figure 1.2.
S e c ond arv b a ckmg
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Figure 1.2. Typical cut pile carpet profile (Carpet and Rug Institute, 2003)
There are many types of construction that are used to create the face yam, which 
may also be manufactured from different materials. Usually fibres are pushed 
through a primary backing and secured to form the top cloth. The proportions of 
materials and the method of construction have changed considerably over the life 
of the industry and the most recent figures available are shown below.
N eed lep u n ch ed  O thers
Figure 1.3. Carpet manufacturing in US by square metres (Carpet and Rug 
Institute, 2003)
Tufted carpet styles are the most popular carpet type and range from loop, cut pile, 
and combinations of cut and loop. They often offer different pile heights across the 
carpet that results in different patterns within the carpet, as different colour threads 
can be made prominent. Stepping or zigzagging using individual needle bars is 
used to achieve this. The different manufacturing methods are described in greater 
detail in Chapter 2.
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Figure 1.4. Fibre consumption in US by weight (Carpet and Rug Institute, 2003)
There are different reasons for choosing particular material fibres as face yam. 
Nylon is used in a large percentage of carpet applications as it offers low cost, good 
wearability and abrasion. If it is solution-dyed then it is generally resistant to the 
harsh chemicals used in industrial cleaning treatments and is more suitable for 
hard-wearing applications.
Olefin (polypropylene) offers an excellent water-vapour barrier and so is easily 
cleaned. It again offers good wear-resistance because the colour is added to the 
fibres during production and is inherent across the entire fibre.
Polyester offers a luxurious feel and so is used in thick-cut pile textures. Wool 
offers similar properties, but because of its historical significance it is known as a 
luxury material. Both are generally soft to the touch, but require a high bulk fibre 
density in order to achieve good wear properties (Carpet and Rug Institute, 2003).
The top cloth is that which provides the design and colour that a consumer will see. 
It also provides the wear and durability as it is exposed as the top surface.
However, the other parts of the constructed carpet also have function. The 
secondary backing will provide dimensional stability during use as well as bulk, 
essential in installation. It also secures the structure of the carpet in place. This is 
further described in the next chapter. These processes are energy intensive and use 
material that is mostly not sustainable. The carpet industry is trying to address 
these challenges that are now being presented and this is described in the next 
section.
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1.3.2 Environmental Concerns
The Carpet and Rug Institute (CRI) concedes that “There is no question that the 
manufacture o f carpet is an intensive industry process, requiring substantial 
consumption o f water and energy. There’s also no question that the disposal o f 
post-consumer carpet has been o f increasing environmental concern” (Carpet and 
Rug Institute, 2007).
It is clear that the industry is itself concerned with both the manufacturing process 
and the materials used in the construction of carpet. The materials listed in the 
above section, with the exception of wool, are mostly unsustainable as they are 
sourced from petrochemical supplies. It is clear that these supplies will run out in 
the future, although there are dynamic debates as to when this will occur (GAO, 
2007, Duncan, 2000).
Although the carpet-industry is material, energy and water intensive, it has been 
making steps to reduce these impacts. For example the CRI reports that
“Over the last dozen years, water consumption at the mill level has decreased by 
46 percent. Since 1995 alone, mills have reduced the amount o f water used by 
almost 54 percent. Innovation and conservation has allowed some mills the ability 
to save as much as 22,000 gallons of water per day to process each 1,000 square 
yards of carpet. From 1995 to 2002, the industry on average reduced the amount o f 
water needed per square yard of carpet from 14.1 gallons per square yard to 8.9 
gallons per square yard. This comes at a time when industry production also grew 
about 42 percent over the same time period” (Carpet and Rug Institute, 2003).
Each process in carpet manufacture relies on a large input of energy and raw 
materials. Occasionally in some carpets, the backing material is made from natural 
or recycled materials such as jute, but generally the main constituents are all 
petrochemical-based. This has only been the case since about 1954, when up to that 
time cotton was the only fibre used in tufted products (Carpet and Rug Institute, 
2008). With the explosion in the petrochemical industry, nylon offered competitive 
performance at reduced cost and therefore tufted products, which are simple to 
produce in nylon, came to dominate the market.
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There have been numerous attempts to deconstruct carpet at end-of-life in order to 
facilitate easier recycling of the constituents, recover embodied energy and 
therefore reduce environmental impacts. Collins and Aikman (U.S. Patent, 1997) 
operate a production-scale operation that claims to be able to recycle any vinyl- 
backed carpet 100 % into a 100 % recyclable product. It involves extruding and 
calendaring reclaimed carpet into new backing. The finished carpet contains a 
minimum recycled content of 30 wt% overall. However, the remaining 70 wt% is 
still virgin material and has the associated energy impacts.
One carpet-tile manufacturing company in particular, InterfaceFLOR, has become 
well known for trying to tackle the sustainability issue. InterfaceFLOR will be 
described in the next section.
1.3.3 InterfaceFLOR
1.3.3.1 History
In 1973 Ray Anderson founded InterfaceFLOR as Carpets International Georgia. 
InterfaceFLOR has a 40 % market share in carpet tiles globally. It has 29 
manufacturing sites across four continents, with sales and manufacturing in over 30 
countries, selling to more than 110 countries worldwide. InterfaceFLOR directly 
employs over 6,000 people across the globe (Interface website, 2007).
In 1995 Interface Inc., as the company was then known, sold US$802 million 
worth of carpets, textiles, chemicals, and architectural flooring. In order to achieve 
this, the company, along with their suppliers “extracted 2.69 million tonnes o f 
material from the Earth’s stored natural capital. Of this, 880,000 tonnes was 
relatively abundant inorganic material, mostly mined from the Earth’s crust and 
1.76 million tonnes originated from petrochemicals. Roughly two-thirds of these 
petrochemicals were burnt up in order to convert the remaining third and the 
inorganic material into products” (Anderson, MCC, 1997).
In 1994 Anderson set out his vision of sustainability for the company he founded in 
1973. He challenged his associates “to be the first company that, by its deeds, 
shows the entire industrial world what sustainability is in all its dimensions: people, 
process, product, place and profits- by 2020- and in doing so we will become 
restorative through the power of influence”. Subsequently InterfaceFLOR has 
called this ‘Mission Zero’.
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Ten years after setting Mission Zero, sales at InterfaceFLOR, stand at around US$1 
billion, an increase of 25 %. In terms of environmental impact, despite this 
increase, carbon intensity is down by a third, greenhouse gases are down by 46 % 
in absolute terms, and over the same period water usage has been reduced by 78 % 
per square metre of product (Anderson, 10th Anniversary message, 2004). 
InterfaceFLOR has therefore made considerable progress in addressing its 
environmental issues.
1.3.3.2 Sustainability Progress
Since the inception of ‘Mission Zero’ InterfaceFLOR, has focused on reducing 
waste, reducing water usage, reducing energy requirements and the use of 100 % 
renewable energies throughout the UK, in line with global achievements.
InterfaceFLOR, Europe has made similar progress to InterfaceFLOR, global, in 
tackling the seven fronts of sustainabiliy as it has defined them:
• Eliminating waste
• Having only benign emissions
• Using renewable energy
• Closing the loop to use recycled or bio-based materials
• Using resource-efficient transportation
• Sensitising stake-holders
• Redesigning commerce
Life cycle analyses (LCA) show that the large amount of processing is an important 
factor in the environmental burden of the carpet tile, although it is dwarfed by the 
environmental impacts of the petrochemical-based materials (InterfaceFLOR,
LCA, 2003). This LCA included the following:
• Extraction, production packing and transportation of raw 
materials for the product
• Energy, waste, emissions, packaging, transport and installation 
of the product
• Use of the product (vacuuming and shampooing)
• Disposal by landfilling at end of life (typical scenario)
Examining the global warming potential (GWP) only, the distribution of impacts is 
shown in figure 1.5. Here GWP is defined as “the release o f gases like carbon 
dioxide, methane and CFC’s (chlorofluorocarbon’s) which contribute to global 
warming by absorbing reflected radiation from the earth’s crust” (ibid.)
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Figure 1.5. Distribution o f GWP impacts during carpet tile LCA 
(InterfaceFLOR, LCA, 2003)
It can be seen from Figure 1.5 that the majority of GWP arises due to the use of 
virgin raw materials.
Nylon contributes 8.01 % to the total embodied mass, but 38.36 % to the total 
embodied energy and 49.27 % to the total GWP. PVC in the backing system 
contributes 9.97 % to the total embodied mass, 24.94 % to the total embodied 
energy and 7.14 % to the total GWP. The total embodied energy is defined as “the 
amount o f energy contained in the material and the energy required to manufacure 
the material” (ibid.).
It is sensible to consider reducing the environmental impact of these materials via 
their replacement, such as with those from renewable resources or recycled 
material. However this would have to be considered carefully to ensure that there 
will not be significant contributions to other impact categories. For example, 
recycled glass has greater overall environmental impact than a new Tetra pak 
container, due to the increase in associated transport costs and energy required for 
the recycling process (Cowell, 2005).
It is also worth noting that some attempts have been made at reducing the amount 
of material required to produce the same quality product, dematerialisation. The 
non-renewable material required to make one unit of product has been reduced by 
around 40 wt% in the 7 years from 1997 to 2004. This has reduced the net inputs 
required and consequentially reduced environmental impacts, as well as providing 
the benefit of an economic saving of US$ 299 million to the business (Interface 
Sustainability, 2007).
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Broadloom carpet is usually cut from a standard width roll at the point of 
installation. Carpet tiles are also cut from broadloom when they are manufactured. 
The tiles are then installed in a broadloom pattern, where the tiles are cut at the 
edges. It is important that all tiles are manufactured from the same roll of material 
as there will be slight variation by colour between batches. Just by using carpet 
tiles, the main product of InterfaceFLOR, in place of broadloom carpet, installation 
waste can be reduced by 67 % (Interface, Why Modular?, 2003). The waste will 
arise as the carpet tiles are cut at to fit the edges of the room and cannot be used 
elsewhere.
In 1998 a breakthrough carpet tile was developed at InterfaceFLOR based on the 
concept of biomimicry- the idea that natural systems can guide the design of man- 
made products (Benyus, 1997). As previously explained, typically carpet tiles have 
to be laid in a predefined pattern to achieve the desired visual effect, creating small 
amounts of edge waste. “Entropy” carpet tile is laid non-directionally with a 
random design so that edge waste can be used in other areas of installation and 
therefore provides near-zero waste on installation. This tile quickly became the 
best-selling carpet tile produced by InterfaceFLOR.
The Entropy range has also lead to a series of introductions also based on 
biomimicry but incorporating contemporary styles. Using this type of tile can 
extend the lifestyle of the installation, as tiles can be interchanged when different 
traffic areas exhibit different wear rates.
InterfaceFLOR, US, has introduced a carpet tile which can be manufactured using 
post consumer recycled polyvinyl chloride (PVC). ReEntry is the name given to the 
take-back programme whereby tiles that have been returned to InterfaceFLOR are 
refurbished and then donated to non-profit organisations or recycled into backing 
materials (Interface website, 2007).
There has also been the introduction of ‘Cool Carpet’, the industry’s first climate 
neutral carpet. The level of greenhouse gas associated with the life cycle of the 
carpet, expressed as CO2 equivalent, is offset through investment in projects that 
reduce or reverse the impact of those emissions (Climate Care, 2008).
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Since the QUEST (Quality Utilizing Employees Suggestions and Teamwork), 
initiative has been in place, in conjunction with the EcoSense initiative, there has 
been a 40 wt% reduction in waste across the board. QUEST is the waste reduction 
programme initiated in 1995, which allows employees to make suggestions to 
improve the efficiencies of manufacturing and office procedures to reduce waste. 
InterfaceFLOR developed the EcoSense Points System to educate associates about 
sustainability and help them discover things they can do to work to become 
sustainable. InterfaceFLOR awards EcoSense Points for the successful completion 
of activities that fall into categories of environmental management systems, quality 
management systems, sustainability training, sensitivity hook-up, employee safety 
and education, resource efficient transportation, EcoMetrics, purchasing and Eco- 
Efficiency.
InterfaceFLOR has recently begun to tackle other new issues in line with the 
sustainability strategy, such as the process of innovation and creating sustainable 
partnerships with international groups. These initiatives are described in the next 
section.
1.3.3.3 Innovation
Previous to this project, attempts at innovation within InterfaceFLOR had been 
undertaken. However, the ideas created could easily be stifled within the 
constraints of a company that is well-aware of its core strengths- producing quality 
carpet tile in a way that is gradually becoming more sustainable.
At the outset of this project, innovation was being attempted within the company, 
particularly within the Process, Materials and Research (PMR) group. From the 
mid 1980s, there were 2 main channels for development: technical from within 
PMR (then known as Technical Development) and product development from the 
Design and Development (D and D) team.
Ideas for new developments came from a variety of sources such as analysis of 
competitor’s material, raw materials suppliers, machine builders, contact with 
testing agencies, process troubleshooting, customer requests, market information, 
perceived gaps in the product range and some internally generated ideas. The range 
of development projects was quite wide but still almost exclusively carpet related.
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During the 1990s, greater contact with Research and Development and Product 
Development in the US. parent company arose via meetings, exchange of reports 
and some common research projects. An initiative "Continuous Stream of 
Innovation" (CSI) was set up under the direction of Ed Terry, the president of 
Interface Research. The initiative had projects covering a wider range than before 
and now included backings, antimicrobials, fabrics and anti-soil surfaces. These 
were however still mainly carpet related.
By 1996, through evolution, Technical Development became PMR which now 
covered the sites in Northern Ireland, England and Holland. This helped to provide 
effectively a wider ideas base. D and D likewise acquired more of a European 
dimension and greater cross-fertilisation of ideas was possible through contact 
between the UK department and those in Holland and Germany.
Up to the appointment of an Innovations Director developments remained largely 
carpet and carpet tile related, however a few ideas for recyclability involving 
modules with detachable top surfaces had arisen. In 2000 a cross functional 
Process, Design and Product team including individuals from PMR, D&D, 
Sampling, Engineering and the Print department was set up and provided a number 
of innovative development leads. However, the priority for development remained 
variations of that which had been done before and these innovative ideas were not 
given the resources necessary to continue their development.
A decision was made within the European arm of InterfaceFLOR that the process 
of development needed to be re-thought and the role of Innovations Director was 
established. The Innovations Director has responsibility for bringing an 
Innovations Pipeline of ideas, products and services to completion. The pipeline 
contains a number of novel concepts for redesigning flooring for InterfaceFLOR. 
These have been the result of ideas created over the years that had not had the time 
or the push to develop further.
The previous approach to development had involved pushing products forward 
towards the goal of sustainability, via the use of the 7 fronts described in section 
1.3.3.2. The decision was made that progress should be looked at from the view of 
the final goal of sustainability, back towards those achievements. Innovative 
concepts were sought that could be the ideal sustainable floor.
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In order to assist in the creation and development of these ideas InterfaceFLOR 
facilitated a number of Innovations Workshops. The principle aim of these 
workshops was to formulate new ideas for the floor covering and interiors market 
based on “the principles o f sustainable living and restorative behaviour” The first 
of the workshops took place on 12th and 13th May 2004, with the participation of a 
group of experts from a variety of backgrounds designed to give a good mixture of 
creative ideas and inputs. There were people who describe themselves as 
sustainable thinkers, textile technicians, marketers, consultants, sustainable 
designers, academics and engineers.
This exercise showed that external persons could be particularly useful in creating 
a different view on a problem that had been tackled for so long in a particular way. 
This group also provided expertise that could not be found within InterfaceFLOR. 
The workshops were very successful and provided external guidance as well as 
new ideas and concepts to the pipeline. The participants from the Innovations 
Workshops then began to collaborate with internal Interface experts and 
subsequently this group were called the ‘Innovations Network’. There was the 
added advantage for those from InterfaceFLOR within this network that time was 
dedicated to free-thinking and pure innovation, without distractions that would 
have previously taken over.
The members of the ‘Innovations Network’ ultimately became watch keepers of the 
Innovations Pipeline to ensure that the main purpose of the Innovations Team and 
the innovations concepts did not become diluted. One such an innovation concept, 
described as ‘Pour Man’s Floor’- a fluid biopolymer flooring that is entirely 
biodegradable is described in chapter 4. Another concept is known as Just™.
Working with partners in India, InterfaceFLOR is currently developing Just™. It is 
a customisable flooring system using locally available natural materials and 
traditional craft skills. The enterprise aims to improve rural income generation for 
women artisans and tiles are developed in collaboration with a leading natural fibre 
exporter based in Bangalore. The tiles are hand made in India using traditional 
materials and craft skills and potentially may be validated through fair trade style 
partnerships. The project is a collaboration involving InterfaceFLOR, Experience 
Design Lab and Industree Crafts Foundation.
A photograph of some of the work produced is shown in figure 1.6.
41
Figure 1.6. Just™ Floor Installation
The result of the workshops and the network is that InterfaceFLOR now has a 
different perspective on innovation. The group of innovators- both internal and 
external will validate the concepts. Budgets, plans and classic product development 
are undertaken for them, but outside of the regular business. Only when the concept 
is fully formed will it be taken back into the business for internal support in a more 
traditional way.
InterfaceFLOR has learned through this process that it is not possible to undertake 
innovation alone. The business needs to support the idea of ‘innovation’ as 
something which does not have 100 % success. Agreement and certainty are not 
always necessary for these projects as they had been for previous incremental 
product improvement (Stacey, 1996). Just™ is an example of a project that had a 
high degree of agreement within the business, but much less certainty for success. 
Innovation can reside in that part of the agreement-certainty matrix where ‘co- 
creating’ methods lie. This is shown by figure 1.7 below.
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Figure 1.7 Agreement-certainty matrix adapted from the work o f Ralph Stacey 
(Stansfield, 2008)
By undertaking more successful innovation within this area, it is more likely that 
agreement may be obtained from the business on future projects. The projects that 
may not have been considered before will therefore become more attractive.
The second part of this project is to further the innovative developments that are 
now taking place at InterfaceFLOR. The aims of the work are described in the next 
section.
1.4 Summary of Research Aims and Structure of Thesis
There are many ways of fulfilling the needs of a consumer with a flooring product 
and these are also considered in the description of the categories of flooring, given 
in Chapter 2. The description of the manufacture of these flooring types is 
included in this chapter, which show that there are many methods of producing a 
floor. Some of these manufacturing routes are time, energy or material-intensive. 
Some of the drawbacks of the flooring are discussed in this chapter such as 
associated environmental impacts and energy input. This enables a comparison 
with the aims of InterfaceFLOR and the ‘Mission Zero’.
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Flooring requirements are often tested through rigorous quality control procedures 
and some of these are described in Chapter 2. These tests have been developed with 
specific flooring categories in order to simulate use in service. The tests often 
require a finished flooring product and a large volume of material and therefore the 
drawbacks of the tests are also considered.
The most obvious method of reducing environmental impact, as shown by the LCA 
data, is to replace virgin material in the current construction with recycled material. 
This is one way that the flooring material would not be radically altered and 
performance of the flooring could be maintained. This has been an ongoing part of 
the development at IntefaceFLOR and continues as evolutionary progression. An 
investigation that resulted in the introduction of recycled material for 
InterfaceFLOR is described in Chapter 3, which formed the first phase of this 
project.
During the course of this project, the impetus at InterfaceFLOR altered and 
innovative projects were given more precedence. This allowed revolutionary 
concepts to be considered for further investigation. One such concept is PAF that is 
described in Chapter 4, which has in turn developed into the second phase of this 
project. This chapter also discusses the drawbacks of this concept and the 
implications for InterfaceFLOR. This concept has led to the investigation of a resin 
based on epoxidised linseed oil (ELO); that is a system based on renewable 
material and not petrochemicals. This material has potential use in other concepts 
at InterfaceFLOR and these are described in this chapter.
Chapter 5 describes the investigation of the ELO-based resin that has been 
identified as a result of the PAF investigation. The material was subjected to 
different processing conditions and the results assessed. One of the potential uses 
of this material in the short-term is a flooring product and the further investigation 
is described in chapter 6. This chapter also includes a description of the flooring 
tests and Chatper 7 describes the full-scale flooring trials undertaken as part of this 
investigation.
This report concludes with the recommendations arising from this investigation. 
These include the use of this material as a flooring material that in high 
performance flooring testing can be compared to PVC tile.
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Chapter 2 Flooring
2.1 Introduction
This chapter goes some way to describe the way in which flooring has evolved 
over the past several thousand years to give the wide choice of flooring that is now 
available. This evolution has taken place due to consumer requirements, fashion 
and has been restricted by availability of materials. In the 20th and 21st Century, due 
to the increase in international trade, there are now no longer such restrictions on 
the type of material available. The scarcity of a material is now included in the cost 
passed on to the consumer.
Flooring can be predominantly divided into two categories- hard (smooth e.g. tiles, 
vinyl) and soft (textile e.g. carpet) coverings (O’Neill, 2003).
Smooth floorings are further described in section 2.3.2, with a further description 
of some of the manufacturing methods typical to this category.
Textile floor coverings are described in section 2.3.3. The manufacture of a carpet 
tile, the main product of InterfaceFLOR is described in this section.
The two categories of floorings will have to provide the same practical functions on 
a basic level, but the effect on the floorings of foot traffic and wear will be 
different. For example, a vinyl floor will suffer more visible damage to a scratch 
from a sharp implement than a carpet. However, the vinyl floor will appear to resist 
more than carpet the wear endured by repetition of a castor chair movement. If a 
new flooring product were to be introduced to the market, it would have to pass the 
current standard testing. The typical quality control procedures for flooring are 
discussed in section 2.4. This section includes a brief description of the way in 
which the British Standards are created and implemented.
The British Standards are designed to simulate practical use, in order ensure that 
flooring fulfils consumer requirements. There are many types of flooring that are 
specified for the home and a description of the categories of flooring is given in 
section 2.3.
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2.2 History
Flooring has evolved over several thousand years as customer requirements, tastes 
and fashion have changed. In early homes the floor was just a patch of dry ground 
that offered some respite and shelter under a dry roof. This is still true in many 
parts of the world, such as rural Africa, where cost is an important consideration, 
materials are scarce and the weather is warm and temperate. Dry ground is an 
inexpensive surface that can easily be levelled and modified to create a floor. Hay, 
straw and cow dung are sometimes also added to the surface and trampled down to 
create a surface almost as hard as cement.
M ATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 2.1. Interior o f Mexican hut (Mexico Woods, 2008)
The above figure shows a simple dirt floor, in a style still commonly seen 
throughout developing countries.
In early North American homes sand was often placed on the floor, sometimes in 
decorative patterns and swept out of the room when the litter and debris became 
excessive. Peanut and sunflower seed shells were added to the floor so that they 
could be crushed underfoot, producing oil, which retained and settled the dirt 
(Huntington, 2004).
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Other early forms of decorating the floor led to the Indian tradition of rangoli, 
which is a painting made from rice flour and petals created for a special occasion or 
to greet visitors. This is one example of how the floor can provide a unique 
welcome. This idea of a welcome mat has been developed further in recent years 
more as a functional entity than a decorative piece.
There were technologies developed in order to adapt to the materials locally 
available as well as practical needs. Decoration has influenced heavily the method 
of construction of these floors. For example, the Romans used small tiles in their 
mosaic construction in order to create more intricate patterns.
M ATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 2.2. Decorative Roman Pavement (Canterbury Roman Museum, 2004)
Stone floors have been used since the Egyptian times as coloured tiles were used to 
create mosaic. This can be traced from 5,000 years ago, through to the Roman 
Empire. The Romans then discovered another more sophisticated benefit of using 
stone floors- under-floor heating. A fire would provide heat through the space 
underneath the tile floor. Tiles came in and out of fashion over the next few 
thousand years and under-floor heating has remained a preserve of the well off 
(Huntington, 2004).
During the Middle Ages in Europe floors were often made of trampled down debris 
as people sometimes shared their living space with their animals- although 
generally in different rooms. Although the floor was made from waste, a primitive 
attempt was made to improve the interior by adding mint to the refuse. Crushing 
the mint underfoot would create deodorising smells, akin to a modem day air 
freshener. This is yet another example where flooring does not simply provide 
functionality but offers added value to the room.
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Wooden planks were first used as floors in the Middle Ages, before being sanded, 
sealed with varnish and decorated in later years. Stains were used to imprint 
decorative patterns on the floor. This is yet another example of a simple, natural 
floor, made from a construction material widely available.
The oldest known rug discovered was from around 400 BC (the Pazyryk carpet), 
although there is evidence that carpet-weaving dates back to around 4,000 years 
ago in Egypt, Mesopotamia and the Middle East (Art Arena, 2007). The carpet 
industry has continued to grow and diversify through the industrial revolution and 
the movement to tufted carpets from woven, the manufacture of which is described 
in the next chapter.
Other types of resilient flooring such as rubber, cork, asphalt, vinyl and linoleum 
have been in use since the late 1800s and these are now second only to carpet in 
terms of sales. Some of the processing routes for these types of flooring are 
described in detail in the next chapter.
The history of flooring has shown that not every development made in flooring has 
an associated practical benefit. This may lead to the conclusion that there is more 
value from a floor than simply function and the social attributes were discussed in 
the previous chapter. The next section describes the way in which flooring is now 
categorised.
2.3 Categories of Flooring
2.3.1 Standard Descriptions
As previously mentioned, flooring is distinctly divided into two categories; hard 
(smooth) and soft (textile) coverings. These categories have been designed to 
provide a distinction between typically textile floors like carpet and those harder 
floorings such as ceramic tiles and vinyl.
Textile or soft floor coverings are those that have been traditionally used in the UK, 
whilst smooth floors have been more predominate in hotter climates such as 
Southern Europe. Smooth flooring also has traditionally formed the base of the 
floor in colder climates, such as Scandinavia, where they are often accessorised 
with textile coverings.
Smooth floor coverings are a disparate group of materials that encompass 
everything that is not considered to be textile. This group includes vinyl, laminates, 
wood, linoleum, cork and stone.
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Vinyl is a sheet, manufactured from PVC and filler, which is offered both with and 
without a cushioned underlay and as vinyl tile. Laminate floor coverings are 
manufactured from resin-impregnated paper that is sandwiched together by either 
direct or high-pressure methods. Wood and cork floor coverings can be processed 
and manufactured from trees. Linoleum is similar to vinyl in appearance although it 
is formed from linseed oil and filler like cork. Stone is often quarried, ground, 
cleaved and polished to manufacture tiles.
Textile floor coverings are mostly fitted carpets (Mintel, 2006), although rugs can 
be included under this description. This group includes woven carpets, tufted 
carpets, fibre-bonded carpets and carpet tiles. These are discussed in more detail in 
section 2.3.3.
Woven carpets were traditionally produced from wool although man-made fibres 
are now more commonly used (Carpet and Rug Institute, 2003). Tufted carpets are 
manufactured by stitching yam into jute or a synthetic backing such as 
polypropylene, which is then kept in place by use of an adhesive. Although tufted 
carpet was originally available only in nylon, polypropylene is now the more 
commonly used (ibid.). As with woven carpet, the use of mixed fibres is common. 
Fibre-bonded carpets are made by needling or entangling a blend of fibres to form 
a web that is treated by heat or resin impregnation. The manufacture of carpet top 
cloth, the top surface of a carpet is discussed in section 2.3.3.2.
Carpet tiles may be fibre-bonded, fusion-bonded or tufted. They are manufactured 
in a similar manner to carpets, but then given a secondary backing and cut to size. 
Non-fixed floor coverings are smaller textile-based elements such as mgs, but this 
category excludes doormats, bath and toilet pedestal mats.
The standard categories of floor coverings are useful in describing the types of 
flooring and understanding their subsequent successes. Each flooring type offers 
different qualities that satisfy the needs of consumers that were discussed in the 
previous chapter. It is also useful to consider the specific attributes that they 
provide and typical manufacturing methods that are described below.
2.3.2 Smooth Flooring
2.3.2.1 Introduction
The UK smooth flooring market has increased in value from £511 million in 2001 
to £689 million in 2005 (Mintel, 2006). Smooth flooring has become much more 
accessible in recent years as it has become easier to install, in particular with the 
arrival of laminates.
49
Laminate now makes up 65 % by volume of the smooth flooring market, although 
vinyl has been making a comeback with an increase in the last three years to 27 % 
sales by volume in the UK (Mintel. 2006). The remainder of the smooth flooring 
market is mostly taken up by ceramic tiles and linoleum. For nearly a century 
between the 1870s and 1960s, linoleum was the most widespread manufactured 
floor covering in existence (Sarin, 2005). It was mostly superseded by the vinyl 
industry, although it still retains a small market presence. The data for sales by 
volume in the UK is shown in figure 2.3 and figure 2.4 below.
2003 (million m etres2)
Other hard, 3.4
Vinyl, 14.2
Wood/laminate, 36
Needlepoint/other soft, 27
Tufted, 140.1 
Woven, 17.4
Figure 2.3. Floor covering sales by volume in 2003 in the UK (Mintel, 2006)
2006 (million m e tres2 )
Vinyl 14 2 O ther hard , 4.1
139 .5
Figure 2.4. Floor covering sales by volume in 2006 in the UK (Mintel, 2006)
W o o d/lam ina te , 33.
T utted,
N eed lepo in t/o ther soft, 23
W oven, 15.3
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The smooth flooring industry is worth around 35 % by value of the flooring 
industry, whilst it is actually only 23 % by volume. This is because smooth flooring 
is sold at a higher average price of £13.85 per square metre, compared to textile 
flooring that is sold at an average of £7.56 per square metre (Mintel, 2006). Much 
of the recent price increases could be attributed to the trend away from cheaper 
laminates to more traditional and expensive real wood flooring.
An appreciation of other flooring industries and their evolution will aid a 
comparison with the current state of the carpet industry. If InterfaceFLOR are to 
introduce an entirely new flooring concept, the manufacture of other flooring 
products should first be understood. This knowledge may facilitate the 
understanding of both the place in the market and the route to market for a 
revolutionary concept. The manufacture of laminate, the largest sector in the 
smooth flooring industry is described in the next section.
2.3.2.2 Laminate
Plastic laminate is processed by combining two different layers of paper or thin 
wood, a decorative layer and a clear surface layer. The colour, patterns and textures 
that are visible to the consumer are the decorative layer and the clear surface layer 
is the material that protects the decorative layer from abrasion and moisture. After 
selection of the decorative layer, which may typically be decided by the type of 
wood to be imitated, the two layers are laminated together under high pressure. 
Decorative laminates vary in thickness, depending on the number of slices of 
paper, generally the thicker the paper, the greater the durability.
In general, laminates are inexpensive compared to many materials; it is typically a 
third of the cost of hardwood flooring (Terra Fina, 2007). They are available in 
many styles, while maintaining a low budget cost. It is a durable material, but can 
be cut by knives or other sharp objects. Plastic laminate has proven to be stylish, 
durable, economical and beneficial (Tan and Murray, 2003).
Since laminate is made from a potentially sustainable source (wood) it could 
potentially form part of the portfolio of material which would lead InterfaceFLOR 
towards the ‘Mission Zero’. However, the laminating process has potentially high 
impacts since large amounts of heat, pressure and adhesives are required (Formica, 
2007) and these other challenges are still to be addressed fully.
Outside of the laminate industry, manufacturers of vinyl and floor tiles are moving 
away from cheap products and trying to drive prices higher by injecting innovation 
and flair into their offerings (Mintel, 2006). One such product, produced by 
InterfaceFLOR is called Interlock, a 100 % PVC tile, described in the next section.
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2.3.2.3 Interlock
Interlock is a smooth flooring product manufactured by InterfaceFLOR. The 
specifications for Interlock are that it is a resilient flooring tile that is manufactured 
from 100 % recycled post-industrial waste. It is available with four different top 
surface patterns in 10 colours and is available with an anti-static finish. It is a 
hardwearing, anti-slip, practical and durable flooring that is suitable for light to 
heavy use such as can be found in an industrial setting.
It is also flexible enough to be used for exhibition stands, retail and hospitality as 
the installation can be fully bonded to the floor by glues, tackified so that it can be 
removed more easily than glue, or laid loose (Futureproof/ed, 2007). Once it has 
completed its useful life, the Interlock can be itself recycled back into Interlock 
since it is a 100 % PVC product.
An example of an installed section of Interlock tiles is shown below.
Figure 2.5. Interlock installation
Interlock is produced using an extrusion process, relying on a heating and cooling 
cycle for the PVC to form the shape required. This is achieved using a heated 
extruder and mould.
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The specifications state that Interlock should be manufactured from post-industrial 
waste, thereby reducing environmental impacts over the life cycle of the product. 
There has been a lack of consistency with the quality and quantity of feedstock and 
therefore virgin material has had to be used for most production. There are a 
number of concerns regarding the manufacture of PVC that are still being 
addressed such as the use of plasticizers, chlorine use, dioxin and furan production 
(Carrol Jr et al, 2000). The chemicals produced as by-products in the production of 
PVC have also been linked to increased likelihood of certain cancers, including 
testicular (Ohlson, 2000).
Chemical recycling of PVC is environmentally less preferable and less attractive in 
economic terms than mechanical recycling, such as that used in the InterfaceFLOR 
ReEntry programme. There are therefore a limited number of initiatives that have 
resulted in the construction of industrial plants, or may lead to the creation of such 
plants in the near future (European Commission, 2000). In the year 2004 within the 
European Community (EC) around 3 wt% of post-consumer PVC was recycled 
compared to 82 wt% that was sent to landfill and 15 wt% that was incinerated 
(European Commission, 2004)
Incineration is a method of disposal that is worthy of note in the example of vinyl, 
with careful consideration for emissions. Approximately 600,000 tonnes of PVC 
are incinerated per year in the EC. PVC represents about 10 wt% of the plastic 
fraction incinerated, although it contributes between 38 and 66 % of the chlorine 
content in waste streams being incinerated (European Commission, 2000). On 
incineration, PVC waste generates hydrochloric acid (HC1) in the flue gas that 
requires deactivation with a neutraliser such as lime. It is estimated that the 
incineration of PVC results in, on average, 1- 1.4 kg of residues with this lime 
process per kg of PVC incinerated (ibid.).
PVC is also currently the largest contributor of chlorine into incinerators, which 
contribute around 40 % of the dioxins into the EC. Dioxins have been linked to a 
number of health concerns. It has been suggested that reducing the chlorine content 
in incinerators will reduce the production of dioxins (European Commission,
2004).
It therefore seems obvious that InterfaceFLOR cannot include the use of PVC 
when aspiring to the ‘Mission Zero’ of no impact on the environment. A single 
polymer product could be one way to ‘close-the-loop’ so that one product can be 
entirely recycled into a new product. This could not occur indefinitely since there is 
invariably foreign material that is introduced at the recycling stage. This is worthy 
of thought when considering new flooring concepts.
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Another product, manufactured from PVC, that has dominated the market until 
recently is vinyl, described in the next section.
2.3.2.4 Vinyl
Vinyl flooring can be manufactured in a number of ways. It was originally created 
as a more resilient version of linoleum, the manufacture of which is described in 
the next section.
The vinyl structure is a composite of a number of layers of material (shown in 
figure 2.6). The top surface is a thin polyurethane coating which is designed to be 
easy to clean as well as resistant to scratches. It lies on top of a PVC layer, 
designed to provide the wear resistance since it provides the bulk of the structure 
just beneath the surface. A layer of fibre glass underneath the PVC provides 
dimensional stability and a final layer of PVC compounded with filler and 
plasticizers gives weight and further stability.
Polyurethane 
100° o PVC 
Glass fibre 
Compounded PVC
Figure 2.6. Structure o f typical vinyl flooring product (Forbo, 2007)
The layers are brought together separately on large rolls and the PVC mix is heated 
to set the mix in place. This results in large rolls of material that are then cut for 
installation. Vinyl tiles can be cut to squares from the large rolls and installed as 
separate pieces.
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The vinyl industry has attempted to address the environmental challenges by 
reducing the energy required to manufacture, the water usage and the waste created 
during the manufacturing process (The Vinyl Institute, 2007). However, there 
remains a large amount of embodied energy in the finished product and it has been 
shown that it is difficult to reuse, recycle or dispose of without environmental 
damage. This would make it unsuitable for InterfaceFLOR to consider as part of a 
portfolio of products when it becomes a sustainable company. The resilience of 
vinyl can lead to long service life in comparison to other materials such as carpet 
and can make it an attractive product.
Vinyl was designed to provide greater resilience than linoleum flooring upon which 
it is based. The history of linoleum and the manufacturing method are described 
below.
2.3.2.5 Linoleum
In 1860 Frederick Walton, a rubber manufacturer in England, during his daily work 
noticed that linseed oil formed a leathery skin on top of paint. He realised that he 
could put this characteristic of the oil to good use as a rubber substitute when 
reduced, mixed with filler and pigments and dried on a canvas backing (Simpson,
1999).
He later improved this invention and in 1863 applied for an extended patent on 
what he called ‘linoleum’, manufactured from the mixing of linseed oil, powdered 
wood or cork, resins, pigments, ground limestone and drying agents. Frederick 
derived the term linoleum from the Latin words for the flax plant and oil: linum and 
oleum respectively (Sarin, 2005).
The floorcloth or oil-cloth industry was widespread in Scotland and Lancashire 
during the mid-nineteenth century. It had begun in the early eighteenth century as a 
large-scale industry and the process had changed little since. Canvas was tightly 
stretched across wooden frames in large rooms and workers would use wooden 
platforms to support themselves as they applied the constituents with trowels and 
large brushes. They would paint the cloth with size, a thin liquid designed to seal 
the canvas, much like a primer, followed by the addition of thick paint. Pumice 
stones were used to create the smooth finish desired. The floorcloths would then be 
moved to a printing room for the application of patterns before a final varnish to 
seal the design (Manson, 2003).
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The advantage of the new linoleum was that it was thicker, more resilient and 
waterproof. The industry began to expand rapidly as the demand for such a floor 
covering increased and floorcloth manufacturers began to imitate the 
manufacturing techniques and constituents. It had taken less than three years 
between the patenting of linoleum and the report of steady sales from the Linoleum 
Manufacturing Company and three years later it was exporting to the USA and 
Canada. This shows that a flooring material that fits a specific need can be hugely 
popular within a small amount of time.
Between 1874 and 1913 the volume of linoleum exported from the UK increased 
tenfold, despite the overall reduction in exports of 29 % (Sarin, 2005). The 
production of linoleum continued to diversify with more economical and resilient 
products becoming available and the use of material from international sources- 
linseed oil from America, cork from Portugal and Spain, jute from India and 
Pakistan and limestone from the UK.
For nearly a century from the 1870s to the 1960s linoleum was the most 
widespread manufactured floor covering (ibid.), until it was usurped by the vinyl 
industry. The process of manufacturing true linoleum is time-consuming and has 
changed little in process since Frederick Walton’s last patent application.
Linseed oil is derived from the flax plant. It is an annually self-pollinating plant 
that takes around 100 days to mature to between 40 and 91 cm in size (Flax 
Council, 2005). The raw oil is extracted from the seeds via hydraulic pressure and 
is pale in colour (Encyclopedia, 2005).
Linseed oil was originally oxidised through the process of boiling in a lead vat to 
form a viscous substance called linoleum cement (Flax Council, 2005). However, 
oxidised linseed oil is now produced via the addition of chemical accelerators to 
heated raw linseed oil to decrease drying time. Oxidation of the linseed oil results 
in a relatively stable compound.
The linoleum cement is then mixed with pine resin, rosin, cork, woodflour, chalk, 
clay and pigments to form sheets on a jute or hardened canvas backing, which 
could all be renewable material. Figure 2.7 shows the ingredients used in linoleum.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 2.7. Components used in linoleum manufacture (Sanz, 2006)
This is then heated to 70 - 90°C in seasoning rooms, which accelerates the 
oxidation and consequently toughens the linoleum. The photograph in figure 2.8 
shows a roll of linoleum.
M ATER IAL REDACTED AT REQUEST OF UNIVERSITY
Figure 2.8. Inspection o f a finished linoleum role at Kirkcaldy, Scotland (Image 
Bank, 2007)
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The linoleum is then seasoned for two to four weeks at this elevated temperature in 
the drying rooms.
Since the colouring of linoleum now goes through the entire surface, the design can 
continue to be seen as the product wears away. Scratches can be disguised or 
erased by abrading the surface to a smooth finish. Linoleum does not bum readily, 
or absorb liquids, making it extremely suitable for areas such as kitchens. It can 
therefore be mopped and scrubbed using conventional detergents even in high 
traffic areas. It does not generate static electricity (Green Floors, 2005). Indoor air 
quality is becoming of increasing importance to consumers and this is less affected 
through the introduction of linoleum than vinyl (Advanced Buildings, 2005).
During use, linoleum does not require the addition of anti-bacterial agents, as this 
feature is inherent in the product. It is naturally antimicrobial and inhibits the 
growth and spread of microbes (iFloor, 2006).
At the end-of-life the material will ultimately biodegrade and does not give off any 
hazardous emissions during decomposition. Incineration is also a viable option for 
disposal as linoleum has a similar calorific value to coal (18.6 MJ/kg) and the 
amount of CO2 given off during this process is similar to that taken up during 
growth of the natural raw materials (Green Floors, 2005).
Linoleum is obviously an attractive material from an environmental point of view 
due to the low embodied energy and high use of renewable material. The linseed 
oil is particularly attractive as a raw material as it may be processed in different 
ways. This is again worthy of note when considering future flooring concepts. 
Linseed oil will be revisited in Chapter 4. Linoleum as a flooring product has 
proved less popular in recent years as there have been other innovations in the 
smooth flooring industry. Textile floor coverings remain the biggest segment of the 
flooring industry. They are described further in the next section
2.3.3 Textile Floor Coverings
2.3.3.1 Introduction
Textile, or soft floor coverings remain the flooring of choice in the UK. 178 million 
square metres of soft floor covering material were estimated to be sold in 2006. 
Although this was less than previous years it remained at 77 % of the market. By 
value the market share of soft floor coverings is lower at 65 %, and is valued at 
£1,360 million (Mintel, 2006).
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Tufted carpet dominates the soft flooring industry with a 79 % by volume market 
share, which represents sales of over 140 million square metres. The remainder is 
shared between woven (9 %) and needlepunch and others (12 %). Needlepunch and 
others are the cheapest type of carpet and have suffered from a consistent decline in 
value. This is largely because those consumers who are purchasing carpet are 
opting for higher-quality types.
Carpet tiles are manufactured using the same methods as soft flooring, since it is 
itself categorised as soft flooring. The manufacture of a carpet tile is described in 
the next section.
2.3.3.2 Carpet Tile Manufacturing
2.3.3.2.1 Introduction
A carpet is essentially composed of face yam, primary backing, a bonding 
compound and often a secondary backing. The majority of carpet is manufactured 
by tufting- using mostly nylon yams. This process is described in the next section.
Wool was the traditional material used in carpet manufacturing and is made from 
renewable resources. In the 1960s viscose became more fashionable and was tried 
as a cheaper alternative. However, its wear properties were poor, it flattened and 
burnt easily in comparison to wool (Colton, 2004). Nylon was then added to wool 
at 20 % by volume. This increased the durability considerably, whilst retaining a 
similar feel (Carpet and Rug Institute, 2003). For example, wool carpet typically 
survives 7-9,000 revolutions of an abrasion machine, whereas a 20 % nylon 
addition increases the survival to 30-50,000 revolutions, as defined in British 
Standard EN 1813:1998.
The parallel expansions in the plastics, petrochemical and oil industries resulted in 
a reduction in cost and a consequential boom in the plastics industry (Subramanian,
2000). Hence the use of nylon began to increase considerably at the expense of 
natural materials. By 2003 the use of wool had declined to its lowest point ever in 
the history of the carpet industry (ibid.).
Carpet tiles are manufactured in the same way as broadloom carpet initially and 
then backed with a series of materials to provide stability. Much of the wear on a 
carpeted floor is concentrated in small areas such as doorways, under desks and 
around furniture- typically around 20 % of the surface. The use of modular flooring 
means that this section can be selectively replaced- offering savings on cost and 
material (Interface, Why Modular, 2003).
59
Modular installations are also much faster to install that conventional carpet, 
typically saving 50 % on man-hours. This is because there is no underlay required, 
no seaming or dye lot mismatches. If a specific design is required, with modular 
tiles there is the flexibility to add larger patterns and expand aesthetic possibilities. 
It offers the customer some creative freedom and design flexibility. The design of 
the floor arises from the face cloth that is manufactured before backing. This is 
described in the next section.
2.3.3.2.2 Face Cloth Manufacture
There are many methods of manufacturing a face cloth of carpet and carpet tile. 
Some of the most common methods are described in this section.
Tufted carpet styles range from loop and cut pile to combinations of cut and loop. 
A tufted carpet is illustrated in figure 2.9. They often offer different pile heights 
across the carpet that results in different patterns within the carpet, as different 
colour threads can be made prominent. Stepping or zigzagging using individual 
needle bars is used to achieve this. Higher priced wool/nylon blends are also 
produced by this method, although the nylon yams, in particular the continuous 
filament nylons, predominate the tufted market.
Figure 2.9. Illustration o f tufted carpet (Dryfusion, 2008)
The patterning capability of tufting mechanisms is somewhat limited, although 
newer developments of computer controlled independent controlled needles (ICN) 
and servo adjustment of pile height have widened the scope of possible patterning. 
Traditional woven carpet is produced in smaller quantities and offers a greater 
amount of variety. Axminster and Wilton are some of the better known woven 
carpets produced in the UK. The principle of the carpet making is that the pile 
yarns and the backing yams are interlocked and this method has changed little in 
the last 200 years.
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In an Axminster carpet weave cut tufts of yam are inserted at the point of weaving 
by means of grippers. The appropriate coloured ends of the yams are selected by 
jacquard mechanisms and presented to the grippers before the tufts are cut from the 
yarn. This means that during the manufacturing process a larger variety of colours 
can be utilised, although at the expense of greater energy considerations. This is 
shown schematically in figure 2.10.
Yarn
Stuffer
Chains
Wefts
Figure 2.10. Schematic o f Axminster carpet construction
Woven carpet will absorb considerable dynamic loading in use since it is not 
possible for the backing to delaminate, as it is an integral part of the carpet. The 
whole carpet is three-dimensional and up to twelve backing yams supports each 
individual tuft. The history and manufacture of this type of carpet consequently 
means that it has gained a reputation for resilience and luxury.
Needle punched or needle felt carpet has developed as a result of the need for more 
versatile materials and cost reduction. One or more fibre webs are laid lengthwise, 
crosswise or diagonally and are processed through the needling machine. Different 
colours of web may be combined to give a decorative effect. The needling process 
punches the fibres through the web, causing entanglement and consolidation of the 
web stmcture. In this manner, a dense, wear resistant felt structure is produced. 
Further needling processes can be used to create a raised pole stmcture in a pre­
determined pattern. The resulting material is then anchored using a latex binder, 
compressed and levelled on a press or calendar. This is shown below.
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Figure 2.11. Schematic o f needlefelt carpet
Fusion bonded carpet is produced by implanting loops or yams directly onto an 
adhesive coated backing. The yarns are not stitched into the primary backing before 
the adhesive is applied and may be cut before or after application.
Fusion bonded products are often printed after construction for specific patterns. 
The pattern is sprayed on, rather like the method employed by an ink-jet printer so 
the designs are very detailed and can be very exact. The print is set using steam and 
then cooled and washed off to complete the design. This pattern will tend to be less 
durable than those created by pre-dyed yam since the colour does not penetrate 
throughout each individual tuft.
This section has shown that the manufacture of the face yam is energy-intensive, 
no matter what method of construction is used. InterfaceFLOR has ensured that 
there is 100 % renewable energy powering the UK sites and so this concern could 
be discounted. However, energy use, no matter what the source always remains a 
concern. The resulting embodied energy in the carpet is high and it would be 
pmdent to reduce this to fit in with the sustainability objective.
2.3.3.2.1 Application to the Backing System
There are a number of systems available for backing carpet before cutting into 
carpet tiles. Two main methods of backing the carpet tile at InterfaceFLOR are 
used. They are known as Graphlex and Glasbac, illustrated in figure 2.12 and 
figure 2.13. The application of the backing systems results in tiles that are versatile 
enough to be fitted quickly with minimal floor surface preparation.
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The Graphlex backing is a patented system that is a bitumen composite modified 
with polymer and filler, incorporating layers of fibreglass fleece and a single layer 
of polymer fleece. The fibreglass is multidirectional and consequently confers 
dimensional stability. It is desirable that the backing system be relatively dense so 
that it will resist warping, wrinkling or doming under heavy traffic or extreme 
changes in humidity and temperature.
The Graphlex backing is a backing contains, by weight, 3 % fibreglass, 1 -2 % 
fleece and over 95 % bitumen mix (33 % pre-modified bitumen, 67 % limestone). 
The bitumen is applied hot and cooled to allow it to set. The Graphlex processing 
line is described in more detail as part of the processing analysis in Chapter 3.
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Figure 2.12. Illustration o f Graphlex backing system (Interface, Backing 
Systems, 2003)
The Glasbac system is a thermoplastic composite that again incorporates fibreglass 
for dimensional stability. In place of bitumen as the primary backing material, PVC 
is used.
63
Fusion implanted 
textile surface
Double layer of 
fibre glass
Main composite in 
thermoplastic resins
Secondary layers in 
thermoplastic resins
Figure 2.13. Illustration o f Glasbac backing system (Interface, Backing Systemsy
2003)
PVC is relatively expensive in comparison to bitumen and is therefore filled with 
more cost effective materials. It is mixed with plasticizers, resins and fillers in 
order to bulk the mix. The plasticizers and resins allow more filler to be added. In 
the case of InterfaceFLOR, the filler used is graded virgin limestone.
The tufted top cloth will normally have already been pre-coated with an adhesive 
system before it is processed with the Glasbac system. This pre-coating takes place 
at the same manufacturing site. Different compounds are applied, depending on the 
yarn system used. The top cloth is presented in a continuous roll via the use of a 
sewing system. The end of the roll being processed is attached to the beginning of 
the next using an adhesive strip. It is heated to around 160 °C (+ 5 °C).
The top cloth is wound into bins to store the excess which ensures that the 
remainder of the processes can take place continuously. The tension on the pre­
coated system can be altered to allow for different systems of face yam.
The pre-coated tufted cloth is then presented at PVC Station 1 (figure 2.14). At this 
point, room temperature PVC mix is applied to the back of the cloth. It is delivered 
via 1.5 tonne batches from the PVC compounding site. At the PVC compounding 
facility the PVC is mixed with fillers, additives and plasticizer. The amount and 
type will depend on the customer requirements.
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Figure 2.14. PVC being applied to the top cloth
A levelled blade controls the amount of PVC mix applied. This can be raised or 
lowered depending on the thickness of the top cloth and the amount of PVC mix 
required. The flow-rate of PVC mix depends on the opening of the taps, which are 
operated by hand.
At PVC Station 2 a sheet of fibreglass is coated with PVC mix in the same manner 
at room temperature, although here it is thicker to avoid the PVC mix striking 
through to the top cloth. The two sheets are then sandwiched together, with the 
PVC mix in between, as shown in figure 2.15.
PVC 
application to 
glass
To fusion oven
PVC 
application 
to carpet
Final PVC 
application
Heating drum 150 °C
Figure 2.15. Schematic o f PVC application
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The drum is heated to 150 °C (± 10 °C) for most applications of PVC. This aids the 
cure of the PVC before another layer of fibreglass and PVC is added. The sandwich 
is then taken to Station 3 where a further layer of PVC is applied. Again here the 
thickness of PVC that is applied can be altered through the use of a levelled blade. 
The entire system is then sent to an oven to accelerate cure.
The oven is typically held at 160 - 180 °C, although it can be lowered to room 
temperature if required when there is a stoppage in the line. A camera is used to 
measure the surface temperature of the carpet, and the information is used to 
control the output of an infrared heater.
On removal from the oven an embossing roller applies a pattern to the PVC. This 
pattern is set as the system is then cooled on two cooling drums. These are kept 
cool through the use of chilled water. This is shown in figure 2.16.
Figure 2.16. Embossing o f pattern onto PVC paste
Once the system is cool, details of the particular carpet tile and other order 
specifications are printed over the embossing on the back of the tiles. The tiles are 
then cut out of the large roll using a press.
The line speed can be altered depending on requirements, up to 10 m/min in 0.1 
m/min increments. It is typically held at around 5 m/min.
This analysis of the Glasbac system shows that again there are a large amount of 
energy inputs required to create the finished tile. It is also obvious that the material 
used as a backing, i.e. PVC, could be replaced with some other material relatively 
easily. This could be a material based on renewable resources for example. This 
would not entirely fit with the sustainability objective but would be an evolutionary 
step towards it.
66
The finished carpet tile will then undergo a rigorous series of testing and quality 
control procedures to ensure that the quality of the product remains consistent. 
These are described in section 2.4.
2.4 Quality Control
2.4.1 Introduction
Flooring will undergo testing as part of quality control procedures. This is to ensure 
that a consistent product is delivered to the customer that fits a pre-defined 
standard. The same tests are applied to new products within each flooring category. 
Therefore if a flooring product were introduced with a novel material or novel 
structure it would have to satisfy the current flooring tests.
Flooring is tested using a variety of methods that are intended to mimic the use 
expected in practice. These tests are designed to ensure that the customer receives a 
product that satisfies their practical needs. It may be that new tests are required to 
assess a flooring solution that does not follow the traditional method of 
construction, but offers different attributes. The process of implementing new tests 
is long and complex (Nunney, 2004). There have been new wear tests for flooring 
suggested in the literature (Kuisma et al, 2004) but since these have not yet been 
implemented as British Standards they are not considered here and only standard 
testing procedures are used. The current testing procedures that are described here 
will be used to assess any novel flooring product.
Carpets, irrespective of type, undergo a series of tests in order to assess their 
contract level- the number given to a carpet to define its capability in use. Natural 
materials are difficult to test under these criteria as by their nature they vary 
between batches and consistent properties are often not achieved.
The British Textile Technology Group (BTTG) is historically the independent 
testing house that is responsible for validating test procedures. It was this house 
that developed the current carpet testing based on woollen carpets.
BTTG was formed in 1988 following the merger of the Shirley Institute and the 
Wool Industries Research Organisation (WIRA), which had been involved in 
testing materials since 1919. It has a number of subsidiaries including BTTG Ltd 
(established 2003), Fire Technical Service (FTS), British Carpet Technical Centre 
(BCTC) and Advanced Materials Services Ltd (Nunney, 2004).
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It is an independent organisation, funded by a variety of methods including 
commercial testing. BTTG prides itself on its stringent objectivity and even offers 
an expert witness service. BTTG also participates in EU funded work, contributing 
to the development of European standards and acting as the official UK testing 
body for European ecolabelling and product certification schemes.
The tests offered at BTTG are varied and encompass all floor coverings. The tests 
are further divided by category of flooring. WIRA, which became part of BTTG, 
developed the current carpet testing procedures based on woollen carpets. These 
tests focus on abrasion resistance, dynamic loading, static loading, flammability 
and appearance retention.
British Standard BS EN 1307:1997 describes the general classification and testing 
of carpets. Each test is designed to simulate what may happen to the carpet in use. 
For example there is included colourfastness- to light, rubbing wet and dry, fibre 
integrity and fibre bind for synthetic carpets. Each test results in a classification 
that may be given to the carpet to indicate its quality. The tests that are conducted 
as part of quality assurance procedures at InterfaceFLOR are described below.
2.4.2 Testing Procedures
This section describes many of the testing procedures that are undertaken on a 
regular basis at InterfaceFLOR, which follow the British Standards. BTTG and 
other independent test houses will also undertake testing for InterfaceFLOR that is 
not available on-site, such as some flammability tests. They are all used to 
determine both production quality and to determine the grading to be given to new 
products.
The castor chair test is described in BS EN 985:1995 and is designed to simulate 
conditions in use. The carpet is simply mounted on a rotating circular test platform 
of 800 mm diameter. Castors are set on an assembly arranged at 120° intervals and 
are free to rotate around the 130 mm diameter. The castors rotate at 50 min'1 and 
the platform at 19 min'1. There will be a suction device to remove any resultant 
debris.
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Figure 2.17. Castor chair test taken from British Standard EN 905:1994
Figure 2.18. Photograph o f castor chair test
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Figure 2.19. Photograph o f obvious results after castor chair test
The whole assembly revolves for a set amount of revolutions, depending on the 
test, and then the appearance of the carpet is assessed.
British Standard BS ISO 10361:2000 describes the Vetterman drum and hexapod 
tumbler tests. They both work on the same principle of simulating the conditions of 
use. The Vetterman drum is a larger apparatus that revolves with a steel ball inside 
with rubber feet that fatigues the carpet, which is lining the inside of the drum. A 
circular brush constantly removes broken fibres.
Key
1 Extraction of brushed fibres
2 R u b ber  stud
3 Steel ball
4 Vulcanized fibre backing sh eet  
6 Metal drum
6 Circular brush
Figure 2.20. Vetterman drum test (British Standard ISO 10361:2000)
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Figure 2.21. Steel ball used in Vetterman drum test as shown in British Standard 
ISO 10361:2000
Figure 2.22. Photograph showing Vetterman drum test on-site
A set amount of revolutions occurs (22,000 for heavy wear, 5,000 for early changes 
in appearance) and the carpet is removed and examined.
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A similar method is used for the hexapod test, but with different dimensions. The 
carpet is also vacuumed during and after the test to remove excess fibres. A total of 
14,000 revolutions are used to simulate heavy-wear and 6,000 revolutions to 
simulate early changes in appearance or use in less demanding aplications.
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1 Polyulherane stud
Figure 2.23. Hexapod as shown in British Standard ISO 10361:2000
K e y
1 Plastic drum
2 Polyethylene specimen backing sheet
3 Hexapod
Figure 2.24. Hexapod tumbler cross-section as described in British Standard ISO 
10361:2000
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Figure 2.25. Photograph o f hexapod tumbler lined with carpet
The Lisson Tretrad test, described by BS EN 1963:1998 also describes a method of 
abrasion resistance measurement (see figure 2.24). A series of rubber feet are 
loaded and slipped on the sample, similar to the ‘scuffing’ motion that may be 
expected during typical footfall.
Figure 2.26. Lisson Tretrad test showing abrasion as feet slip on the sample
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Static loading is tested using BS 4939:1987, ISO 3416-1986, where the thickness 
reduction in carpet pile is measured after application of a known mass for 24 hours 
and during recovery after removal of the mass.
Flammability is measured using the hot metal nut method that follows BS 
4790:1987. Other European standards have been introduced for flammability as 
carpet is officially classified as a construction material (Nunney, 2004). The 
squareness, size and straightness of carpet tiles are measured using a British 
standard- BS 5921:1980.
Appearance retention assessment follows a set of guidelines set out in BS EN 
1471:1997. The carpet is graded visually by trained assesors. They score the 
change in appearance on a scale. The result is generally a grade for the carpet from 
1 to 5. Where 5 is suitable for heavy contract use, 4 is suitable for medium contract 
use, 3 is suitable for light contract use and 1-2 are domestic ratings reserved for the 
home market.
Each flooring material can be tested in a similar way and assessed in order to 
receive a grade. Most floors also undergo in-situ testing within the environment in 
which it would be expected to perform. This can be the best indicator of 
performance in service. The drawback with these types of tests is that a finished 
product is required for testing purposes. It may be prudent to have an intermediate 
test regime for flooring materials, which could form part of a screening programme 
with less material.
This chapter has described the many varieties of flooring that have evolved over 
time and the way that they are now categorised. Any new flooring product would 
not necessarily have to fit in with these categories. However, it can be seen that the 
categories are divided so that they fit with the needs of the consumer set out in 
Chapter 1.
The description of the manufacture of a carpet tile may give some indicator as to 
how the environmental impact of the current product may be reduced. This could 
potentially be through the use of renewable material or energy reduction. This will 
be discussed further in the next chapter.
If a novel flooring product is to be introduced it will have to ultimately satisfy the 
standard industry tests that have been set out here. This will be revisited in Chapter 
6.
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Chapter 3 Introduction of Recycled Feedstock
3.1 Introduction
InterfaceFLOR, the host company for this EngD programme, was described in 
section 1.3.3. The history of the company was summarised as well as the way in 
which they had come to the ‘Mission Zero’ to become fully sustainable. This 
section provided an overview of sustainability progress at InterfaceFLOR including 
the introduction of renewable energy, reducing the quantities of material required 
and reduction of waste produced in the manufacture of each unit of product. The 
product has remained essentially the same; a carpet tile, manufactured from non­
renewable resources such as nylon, polypropylene, limestone, bitumen and PVC. 
This was detailed in section 2.3.3.2, which summarised the manufacturing route of 
the carpet tile.
In order to meet its sustainability objectives InterfaceFLOR requires innovative 
flooring solutions that are made from renewable resources, manufactured using 100 
% renewable energy, making no waste in production, recycled and recycleable- 
either through natural means such as biodegradability and/or through technical 
means such as product deconstruction. Renewable feedstocks such as poly-lactic 
acid, wool, hemp and paper have been considered as alternatives for the part of the 
product that has been identified as having the largest embodied energy- the face 
yam (Interface, LCA, 2002). However, none of these have been as resilient, 
versatile and ultimately successful as the nylon yam currently in use (Colton,
2004).
The largest contribution by mass to the Graphlex carpet tile is the backing system 
at approximately 80 wt%, which consists of the bitumen mix, fibreglass and 
polypropylene backing. The bitumen mix consists of pre-modified bitumen and 
filler. The filler takes up 67 % of this backing system by mass and is therefore a 
good candidate for substitution.
The standard virgin filler has come historically from natural non-renewable 
feedstock. Limestone rock is quarried, ground and sieved before being transported 
to the InterfaceFLOR manufacturing site. The objective set for this phase of the 
EngD project was to provide solutions to the current manufacturing concerns in 
order that an alternative supply could be considered. This part of the project was 
designed to move current product incrementally towards ‘Mission Zero’. The 
current processing must first be understood before this is considered.
75
At the establishment of this investigation the limiting factor for line speed was the 
tile cutter at the end of the manufacturing process. The tiles would be cut from 
large rolls of product and there would be frequent stoppages at this point. However, 
this was due to change with the introduction of a new tile cutter and the limiting 
factor for line speed would consequently change. Hence as part of phase 1 of this 
project the initial purpose of this investigation was to analyse the process of adding 
the filler, with a view to optimising the process condition/process parameters ,to 
make recommendations for future use and so to ensure the equipment would 
perorm as designed when required.
The second part of the investigation was to analyse a possible replacement for the 
virgin filler. The source of the filler is described as well as some of the material 
characteristics, such as particle shape and size distribution, that were considered 
important for this investigation.
This chapter is divided into two parts; section 3.2 first describes manufacturing 
issues associated with the current filler and an investigation which aimed to resolve 
these issues, section 3.3 describes the recycled feedstock that is considered as a 
replacement material.
3.2 Review of Processing of Standard Product
3.2.1 Overview
The patented Graphlex backing system is constructed using a double layer of glass 
fibre reinforcement with a non-woven polypropylene backing and bitumen mix to 
seal the system together. Figure 3.1 below shows a schematic of the carpet tile.
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Figure 3.1. Schematic diagram o f Graphlex carpet tile showing layered 
construction o f backing system
In the construction of the Graphlex tile the backing system is assembled before the 
carpet top cloth is applied. A fibreglass and polypropylene layer are brought 
together with a layer of bitumen mix applied at the rollers. Subsequently, a further 
layer of fibreglass is added and second layer of bitumen mix is laid on top in the 
same manner as before, through an additional set of rollers. This is shown 
schematically in figure 3.2.
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Figure 3.2. Schematic showing application of backing system to the carpet top 
cloth
Process controls at this point ensure that the correct amount of bitumen mix is 
applied at the appropriate temperature and viscosity in order to maintain a cohesive 
backing system. It is important that the bitumen mix is consistent in its properties 
and that process controls are in place such that the process parameters can be 
altered readily. Safeguards are also in place to reduce the occurrence of faults at 
this critical point of manufacture such as regular inspection and equipment 
maintenance.
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Figure 3.3. Tufted top cloth being placed on top o f bitumen backing
Once the backing system is completed, the tufted cloth is placed on top (see figure 
3.3 above). The assembly is then cooled and subsequently solidified using 
refrigeration. The assembly is then cut to 50 cm x 50 cm squares, resulting in some 
‘window waste’ that was previously discarded. However, InterfaceFLOR has 
recently circumvented this by investing in a recycling system. This waste is ground 
into small particles and added to the backing system as filler.
Since the fibreglass, polypropylene and face yam are sourced external to Shelf 
Mills, the bitumen mix is the part of the process over which there is the greatest 
internal control.
The process flow diagram (figure 3.4) shows the transportation and processing of 
the current bitumen mix, including the heating and conveying of the current virgin 
feedstock. The feedstock is limestone that has been quarried, crushed and sieved 
before being delivered to the external storage bunker. Other particle sizes 
remaining from the sieving process are used in other industries such as the 
ceramics industry.
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Figure 3.4. Internal feedstock conveyor system
The composite line diagram in figure 3.5 illustrates the speeds of the conveyors. 
The bitumen is delivered and then stored in an external storage tank at elevated 
temperature. The limestone is also stored in an external storage bunker (tank D on 
the far right of the diagram) before being drawn internally to the colt limestone 
storage bunker using a series of air blowers (shown to the right of the diagram). It 
is then heated and conveyed to bunker 1 (SB56) shown in figure 3.4, where the 
limestone is held at around 150 °C. The aeromechanical conveyor draws the 
limestone upwards at an approximate rate of 2600 kg/hr. This conveyer is insulated 
in order to try to maintain the elevated limestone temperature. Moisture can then be 
driven off at the top vent.
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A system of air blowing is used in an effort to ensure that the material does not 
stagnate and settle. At this point in the system there is a vibratory probe, LT56, 
which measures the mass of material in the bunker. The screw conveyor is driven 
by motor M57, which moves material into bunker 2 (WB58).
Bunker 2, the weighted bunker, is designed to hold 210 kg of material that will be 
dosed into the mix, with a margin of 40 kg. A load cell accurately measures the 
amount of material.
The applicators draw a bitumen mix from the compound tank, CT30, at a rate that 
will depend on the backing weight, face yam type and construction, line speed and 
a number of other variables.
The level of material in CT30 is measured using a radioactive probe. At low level, 
a signal is sent for the compound mixer, CM28, to dump another load into the tank. 
After the load is dumped, the CM then needs to begin mixing another batch. The 
pre-modified bitumen begins to enter the CM before the dosing screw begins to 
draw off the 210 kg in WB58.
WB58 will then refill by drawing off material from SB56 via the screw conveyor 
and the system is supplied again.
A photograph of the internal limestone storage and conveyance equipment is 
shown in figure 3.6.
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Figure 3.6. Photograph o f internal limestone conveying equipment
As commented earlier, it was perceived that there was a problem with the 
arrangement such that the process was not producing the bitumen mix at a fast 
enough rate. It was intended that the backing line would back and produce carpet 
tile at a rate of 10 m/min. In order to calculate how fast the mix must be, the 
material composition must first be considered. A sample was taken from the 
process without face yarn of 100 cm" and mass 31.49 g. This equates to a mass per 
unit area of 3149 gnf2.
The composition of the backing for this carpet-type was two sheets of fibreglass of 
total mass 69.90 gm'2 and one polypropylene sheet of mass 45.00 gm '2.
Therefore the bitumen mix made up 3034 g mf . Of this nominally two thirds was 
limestone, i.e. 2023 g m '2, the remaining one third was pre-modified bitumen.
Since the material is 2 m wide, in order to achieve a line speed of 10 m/min, 
corresponding to 20 m2/min, limestone must flow at 20 x 2023 = 40.5 kg/min.
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If a batch size is 210 kg, then the weighted bunker, WB58, must empty and fill in a 
time of 210/40.5 = 5.18 min, i.e. 5 minutes and 11 seconds.
If this time can be achieved successfully during typical processing conditions, then 
it will be known that the mix can deliver a line speed of lOm/min and it will no 
longer be a hindrance to performance.
If the progress of the mix from applicators back to delivery point is followed, it can 
be seen that the parameters of the process that can be controled are:
At the applicators:
• Weight and tension of fibreglass
• Weight and tension of polypropylene
• Transverse movement of top cloth
• Line speed
• Tension of top cloth and completed carpet construction
• Distance between rollers
At the compound tank:
• Speed and power of motor drawing off bitumen mix 
At the compound mixer:
• Temperature of thermal oil surrounding mixing tank
• Duration of mix
At the bitumen tanks, kept hot from delivery:
• Thermal oil jacket surrounding tank controls hold temperature of bitumen
• Number of cycles in system contributes to temperature control as there is
only insulation and no heating arrangement in the tanks. Less cycles result 
in a temperature drop over the time that the mix is held.
At the storage bunkers:
• Start fill level of bunker
. • Stop fill level of bunker
• Thermal oil temperature of jacket surrounding bunker
• Maximum air pressure for agitation of storage material
• Length of time air is blown into the storage bunkers under pressure
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If these parameters can be controlled successfully, it may be that the material flow 
required can be achieved. Anecdotal evidence from the line operators suggested 
that there was variation in batches of material due to differences in the material 
delivered. However, a large amount of research was undertaken (Carter, 2004) that 
showed there were no significant variations in the material delivered and that 
conditions did not have a consequential effect on movement of filler material 
within the system. Therefore, the next step in this investigation is to analyse the 
various parts of the process and their controls in order to reduce the amount of time 
taken to move the bitumen mix to the applicators.
3.2.2 Analysis of Different Parts of the Process 
3.2.2.1 Bunker Profile
It has been identified that the critical movement of limestone material in the system 
is from the heated storage bunker, SB56, to the weighted bunker, WB58, and 
consequent dosing from WB58 to the compound mixer, CM28.
It was decided initially to assess whether mass flow could be maintained through 
the bunkers without assistance from further agitation methods. The results from 
crude initial experiments, included in the 6-monthly report (Carter, 2004), showed 
that the material did not flow readily.
Shear strength tests were carried out using an Ajax vertical shear cell. Wall friction 
tests using an Ajax long stroke translational device were performed on a stainless 
steel plate with a 2B finish.
The friction angle was determined to be 25.1°, which resulted in a suggested 
minimum angle of 73.1° for a conical hopper and 63.1° for Vee hopper design, as 
recommended by the British Materials Handling Board (Ajax, 2004).
SB56 has an angle at the base that was considerably less than that required. It was 
noted that agitation was required in order to move material readily through the 
system. However, changing the complete hopper design was deemed inappropriate 
and too costly. Therefore the designed method of agitation within SB56 was 
examined and modified.
3.2.2.2 Agitation within Storage Bunker
In the current set-up, the heated storage bunker 1, SB56, utilises blown, dried air to 
agitate material inside. A schematic is shown in figure 3.7. This method was 
proving ineffective with blockages reported frequently and material obviously 
building up around the edges of the hopper.
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Figure 3.7. Schematic o f aerator design
Experiments were conducted in order to assess the packing of the virgin feedstock 
that was to be expected during normal operations and to relate this to the blockages 
reported. The samples were sieved into a container to produce a known volume and 
the mass found- this is known as the untapped volume. The samples are then 
tapped a number of times until the volume of material reduced. The results showed 
that from a loose packed density of around 900 kgnT , after sieving through a brass 
sieve of 500 pm, the density of the limestone could increase to around 1400 kgrrf3 
with tapping. This can increase by a further 4 % over time without further 
agitation. The average of 5 results is shown in the table below.
Initial untapped 
volume
Tapped x 60 Tapped x 90 Overnight 4 Days
898 1142 1386 1394 1441
Table 3.1. Results from tapping experiments showing an increase in powder bulk 
density (kgm )
It follows from this that the method of agitation in SB56 should introduce as little 
vibration to the material as possible.
Upon investigation of the hopper, it was discovered that during a clear-up process, 
designed to remove the compacted material at the edges of SB56 by mechanical 
means, the pads providing the air blown system had become damaged. The pads 
were aerators designed to blow air into the virgin feedstock at low pressure in order 
to facilitate its flow. When the aerators were replaced, there was an immediate 
improvement in flow. This showed that poor maintenance of the equipment is 
critical to this performance issue.
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The extent of this improvement was assessed and the optimum time of aeration and 
maximum pressure of the aerators evaluated experimentally. At a line speed of 8.1 
m/min (variable), these parameters were altered for a minimum of 45 minutes in 
order to observe any variation in the flow rate of material from WB58. All other 
parameters remained the same.
The pressure of the air applied through the aerators could only be varied from 0.6 
bar to over 1 bar, due to machinery constraints. This was therefore attempted at 
intervals of 0.1 bar. The time on:off of 4:0 indicates that the air was continuously 
applied, 1.5:9 indicates that the aerators are on for a very small fraction of time. A 
time of 4.5:1.5 indicates that the aeration was applied for 75 % of the time and 10:1 
approximately 90%.
The results showed that over the range of parameters investigated (table 3.2 and 
3.3), a pressure of 0.6 bar and time on: time off of 4.5 seconds: 1.5 seconds offered 
the least time of fill and empty of WB58.
Pressure (bar) Average Empty 
(min:sec)
Average Fill 
(min:sec)
Total
(min:sec)
0.9 02:29 04:18 06:47
0.8 02:29 04:34 07:03
0.7 02:26 03:47 06:13
0.6 02:29 03:14 05:44
Table 3.2. Effect of variation in air pressure of aerators on average empty and 
fill times of WB58 (time on: time offset at 4.5:1.5)
Time On: Off 
(sec)
Time On (%) Average Empty 
(min:sec)
Average Fill 
(minrsec)
Total (min:sec)
4:0 100 02:25 03:20 05:45
10:1 91 02:30 03:59 06:29
4.5:1.5 75 02:30 03:14 05:44
4:4 50 02:27 03:25 05:52
1.5:9 14 02:28 03:40 06:08
0:4 0 02:27 04:38 07:05
Table 3.3. Effect of variation in time on: time off of aerators on average empty 
and fill times of WB58 (air pressure set at 0.6 bar)
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With the changes made to the aerators, it was shown that the time of transport of a 
full cycle of virgin feedstock into and out of WB58 could be reduced to 5 minutes 
44 seconds- a reduction of 25% on the original timings of over 7 minutes without 
aeration.
It is therefore shown that changing the method of agitation in SB56 increases the 
flowability of the virgin feedstock and consequently its movement into WB58 and 
reduces the time needed for each mix. Other methods of reducing the time to fill 
and empty WB58 were then investigated.
The mass transferred from WB58 to the CM is fixed at 210 kg per mix, as this is 
the maximum capacity of the CM. Throughout previous experiments it has been 
shown that the transfer of virgin feedstock from WB58 to the CM takes 
approximately 2 minutes 30 seconds, i.e. a rate of 1.4 kg/s. The design of the 
dosing screw indicates that a rate of 3.1 kg/s could be achieved in principle.
The fill and empty trigger levels of the bunker are such that it begins to fill at 200 
kg and reaches high level at 232 kg. Therefore there is little scope for variation in 
the emptying of this bunker, as it needs to be filled as soon as possible. Observing 
the measurements from the probe in WB58 (recorded as WT58), it was seen that 
the bunker always reduces to a very low level and therefore changing the fill levels 
would have little effect.
However, in the course of usual operations, the perception of the operators is that 
in order to increase the amount of material flow through the system, the storage 
bunker SB56 should remain as full as possible. Results from the probe recordings, 
LT56 within SB56 show that SB56 continuously contains material.
As WB58 begins to empty (shown by WT58 decreasing in figure 3.8 overleaf), 
material moves into the CM through the dosing screw. Once WB58 has released 
the appropriate amount of material, it can begin filling again. As the screw 
conveyor begins to move material from SB56 to WB58 it can be seen that LT56 
begins to drop as WT58 increases. The aeromechanical conveyor draws material 
into SB56 as the low fill level of SB56 is reached. At the maximum fill level of 
WB58, WT58 is again at its maximum, whilst LT56 is at minimum. The 
aeromechanical conveyor continues to draw material into SB56 and so LT56 
continues to rise to its maximum fill level. It is at this point that the aeromechanical 
conveyor will cease to draw any more material and the fill level remains constant 
until more material is required.
When the valves open to the conveyors, a backpressure results that causes a false 
positive reading on the probes. The extra peaks at the top of the chart (Figure 3.8) 
illustrate this.
At a line speed of 7.5 m/min the begin fill and stop fill levels of SB56 were altered 
in order to try to decrease the fill time of WB58. The settings were kept for a 
minimum of 30 minutes and results shown below.
Range (kg)
Begin fill-stop fill
Empty Time 
(min:sec)
Fill Time 
(minisec)
Total (min:sec)
210-220 02:27 03:51 06:18
125-150 02:24 03:36 06:01
125-140 02:28 03:28 05:56
130-145 02:26 03:17 05:43
Table 3.4. Effect o f changing fill and empty levels o f SB on fill and empty times 
ofWB.
Table 3.4 shows that by reducing the amount of virgin feedstock remaining static in 
SB56 the fill time of WB58 can be reduced by 35 seconds.
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Figure 3.8. Graph showing fill and empty levels ofSB56, shown by the probe 
LT56, and effect on fill and empty levels o f WB58shown by the probe WT58
Figure 3.8 shows that SB56 is fully empty for approximately 1 minute and 30 
seconds consistently. During this time, material is flowing directly from the slower 
aeromechanical conveyor to the screw conveyor. Therefore the demand is greater 
than the supply and the system is not performing at its optimum
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Taking the above sample, it can be seen that if the correct adjustments can be made 
to SB56 so that it empties to a minimum every time (a reduction of 1 minute 30 
seconds of direct transfer from the slower aeromechanical conveyor at 0.72 kg/s to 
the screw conveyor at 1.2 kg/s), then the fill time of WB58 can be further reduced.
The mass of material that is transported from the slower aeromechanical conveyor 
over this time of 1 minute 30 seconds is 64.8 kg. If it were direct from the screw 
conveyor, the time taken for this amount to be transported would be 54 seconds. 
Therefore a further 36 seconds could be saved if the material during this time were 
direct from SB56 to WB58 and not from further back in the system to WB58.
Therefore, if the system is set up to enable SB56 to empty fully and then to refill at 
the same time as WB58 is emptying, the cycle time can be reduced from the 
observed time of 5 minutes 43 seconds to 5 minutes and 7 seconds. This is within 
the time limit of 5 minutes 11 seconds required.
3.2.2.4 Hold Time of Material in Bunkers
It has been shown that the shorter the period of time for which the virgin feedstock 
remains static, the more efficiently it will flow through the system and into the CM. 
The length of time for which the material is static will depend on three factors, i.e. 
the maximum fill level, the minimum fill level and line speed. If the line speed is 
low, then the fill levels of SB56 need to remain low, in order that WB58 fills 
slowly and the virgin feedstock remains stagnant for the minimum time. These 
adjustments were taken into consideration when specifying the operating 
conditions.
3.2.2.5 Performance of Modified System
During the course of this investigation, the inverters attached to the motors which 
drive the aeromechanical conveyor taking material from the external storage 
bunker to SB56, the screw conveyor taking material from SB56 to WB and the 
dosing screw taking material from WB58 to the CM were adjusted in order to try to 
increase the material movement throughout the system. Data recorded at a line 
speed of 10 m/min (Table 3.5) showed that the motors had increased the delivery 
rates of the aeromechanical conveyor and screws by a small margin, even though 
SB56 did not empty fully again.
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Aeromechanical 
conveyor (kg/s)
Screw conveyor 
(kg/s)
Dosing screw 
(kg/s)
Before 0.80 1.05 2.40
After 0.85 1.08 2.80
Table 3.5. Differences in rates of material transfer by conveyors and screw 
before and after motor improvement)
With the range of modifications in place a lOm/min line trial was conducted. It 
showed a consistent fill time of WB58 of 3 minutes 14 seconds and empty time of 
average 1 minute 15 seconds. This total cycle time of 4 minutes 29 seconds is well 
below that required in order to achieve the specified line speed of lOm/min.
As the line could now perform as specified, using the virgin feedstock, a 
replacement candidate could now be assessed and possibly trialed.
3.3 Introduction of Alternative Backing Filler Material
3.3.1 Background and Scope
It was thought originally that batch-to-batch variations in material properties of the 
virgin feedstock were responsible for the perceived ‘bottle-neck’. However, it has 
been shown in the previous section that adjusting the processing parameters can 
compensate for any changes that result from material differences. A further part of 
this investigation was to assess the changes in material properties of the virgin 
feedstock throughout normal processing and complete a comparison with recycled 
feedstock.
A potential new feedstock, LF_01, was sourced from the waste stream of the 
aggregates industry. The source of the material is described in section 3.3.2. It was 
considered as a first option in order to assess the range of properties that may affect 
its flow and transportation. The material characteristics were assessed and 
compared to the current virgin material. LF_01 was sieved using an industrial 
process that was sourced externally to InterfaceFLOR and compared to the as- 
received LF_01 sample.
This investigation would lead to material parameters required from further recycled 
feedstock candidates. Recent trials with this first recycled feedstock indicate that 
processing parameters can be altered to compensate for limited material changes. 
The recycled feedstock was introduced to the system at the heater and conveyor 
before the internal heated storage bunker, SB56. It then flowed through the 
conveyors and bunkers and continued in the normal process cycle to the applicators 
in the bitumen mix, where it was applied as part of the backing system.
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The characteristics of the filler affecting processing can be dependent on their 
source and this is described in the next section.
3.3.2 Source of Filler
In late 2003, InterfaceFLOR identified a possible source of post-industrial recycled 
limestone from LaFarge Aggregates. The material that InterfaceFLOR would 
receive from LaFarge is produced as a result of their manufacturing process for 
aggregates. This material is currently sent to landfill and is therefore classified as 
waste (Environmental Protection Act, Section 75, 1990). Since this material will be 
used in a different industry it has been classified as pre-consumer recycled material 
(Wrap, 2007).
The mix of material used at LaFarge Aggregates will depend on the requirements 
of the customer. Harder material such as ‘grit stone’ and glass is often used in 
applications that require greater wear, for example road-surfacing.
The LaFarge Ashbury plant uses approximately 60 wt% limestone, 38 wt% ‘grit 
stone’ and 2 wt% recycled glass. This ratio of material can be used to approximate 
the ratio of material found in the dust material. Section 3.3.3 describes the exact 
ratio of chemical components that make up the filler
The glass portion of the material is post-consumer waste and arises from bottle 
banks. However, this material is not sorted at a recycling centre and arrives at 
LaFarge as received. Therefore the consistency of material is reliant on consumers 
being selective about their recycling and sorting material correctly.
The photograph (Figure 3.9) below shows the mix of material that is then ground 
and used in the process. It can be seen that this mix of material includes plastic 
bottles as well as general refuse such as tins. It therefore follows that waste should 
be properly separated in order to be recycled more effectively. Figure 3.10 shows 
the resulting material that is used as aggregate in the LaFarge process.
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Figure 3.9. Mix o f material that is used as glass in the aggregate making process
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Figure 3.10. Ground glass material to be used in aggregate manufacturing 
process
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The mixture of material that is received by InterfaceFLOR will vary depending on 
the mixture of material that has been required by the LaFarge customers, although 
it will approximate to those values given above.
The material is fed into a system of hoppers (shown in figure 3.11) where it is 
stored for a short period of time before being demanded by the system.
Figure 3.11. Feed system for LaFarge Ashbury aggregate manufacturing plant
The process by which the material is produced by LaFarge aggregates is shown in 
figure 3.12 and then schematically in figure 3.13. The bag filter on the top right 
hand side of the diagram is used to store material before it is sent to 
InterfaceFLOR.
9 4
Figure 3.12. Photograph o f aggregate manufacturing facility
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Figure 3.13. Manufacturing process for LaFarge aggregates
Wheeled loaders take material from around the site and feed the system on the left 
hand side of the diagram, shown above. The origin of this material varies by site.
The graded material is mixed according to customer specification, fed into the 
conveyor and then transported to the dryer. At the dryer the material is agitated, 
producing large volumes of powdered material. This is extracted via the skimmer 
to a set of bag filters. It is here that the excess powdered material is stored. This is 
the material that is sent to InterfaceFLOR for use as filler.
The dried aggregate is then screened according to size and mixed with the bitumen 
as required by the customer recipe. The aggregate mix is then either stored for 
future use or transported for immediate use.
It should be noted that this ratio of inputs is not guaranteed and, hence, there will 
be variation between batches. The material characteristics will therefore also be 
variable. However, each input can be considered in turn. The three most important 
characteristics of an individual particle indicating its capacity for flow are its shape, 
size and composition (Coulson and Richardson, 1999). The material characteristics 
are considered below.
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3.3.3 Material Characteristics
3.3.3.1 Chemical Composition
Several samples of the filler, taken from deliveries made during the trial weeks in 
late Feb and early March 2006, were sent to Ch Zah at Interface Research and 
Development and examined using a Scanning Electron Microscope (SEM). The 
samples were fused as metal oxide then acid digested to Inductively Coupled 
Plasma (ICP) metal test. The results are shown in table 3.6 below.
Test Results
C om position; (WeiJilit %)
Identification
A U T SiO j SO.t M gO TiO> FcjO* C aC O ,
A llo y  or
Spec. Req ( ! ) (1) (1) (1) ( ! ) (1) (2 )
2 -3-06 8.5 36,4 2.8 2 .3 0 .5 3.2 46 .3 1
6-3 -06 11.4 54.3 3.0 2 .8 0.7 4 .6
— --------------
3.8
23 .2
9 -3-00 9 .2 38.7 2.6 2.3 0 .6 42 .8
2 8 -2 -0 6 8.3 36.4 2.0 2 .0 0.5 2.8 48 .0
Table 3.6. Results o f ICP elemental analysis (Ch Zah, 2006)
The analysis showed that the material was a blend of limestone, silica and other 
metal oxides
Samples of the Ashbury-LaFarge material were previously viewed using a SEM at 
The University of Surrey and these test results were similar to those given above. 
Analysis was carried out in December 2003, the description of which can be found 
in the 6-month report attached to this portfolio (Carter, 2004). The analysis yielded 
the following data.
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Composition AI2O3 Si0 2 SO4 MgO T i0 2 Fe20 3 C aC 03
Wt% 1 1 .2 35.5 2 .2 2 .8 0 .6 4.9 42.5
Table 3.7. Results from SEM analysis (Carter, 2004)
In comparison to the virgin filler, which is almost exclusively CaC03 (Carter, 
2004), LF_01 contains up to 55% silica based stone particles. LaFarge blend the 
limestone (of Derbyshire origin) with ‘grit’ stone (a silica based aggregate) at the 
site along with the glass recyclates (see figure 3.11 above).
This silica based aggregate is significantly harder than limestone with the grit stone 
having almost double the polished stone value (PSV). The PSV of virgin filler is 
around 36 PSV whereas LF_01 has a value of 65 PSV. Although these figures 
relate to larger particle sizes of material (approximately 10 -15mm) and were 
developed to measure the slip resistance of roadways, it is clear that the increased 
hardness of the stone will have some affect on the hardness and abrasiveness of the 
bitumen backing when loaded with this material in comparison to the virgin 
material.
As the proportion of ‘grit’ stone can vary between 35 and 55 wt% the backing 
hardness could vary between 25 and 50 % (based on empirical calculations and 
allowing for experimental error). PSV is measured using BS:812 -  this standard 
also covers aggregate abrasion value (AAV), which may be of more use in 
calculating its impact on the tile cutting process.
It was therefore deemed that only a full-scale trial would be useful in determining 
if the compositional changes in material would adversely affect processing. 
However particle shape is also a useful indicator of flow properties and this is 
considered in the next section.
3.3.3.2 Particle Shape
SEM analysis was conducted showing the particles from recycled and virgin 
feedstock are irregularly shaped. The virgin feedstock tends to be more a 
reasonably regular cuboid shape and the recycled feedstock appears to be more 
elongated. This tends to lead to poor flowability (Coulson and Richardson, 1999).
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Figure 3.14. SEM analysis showing virgin material
1 .0 0  mm
Figure 3.15. SEM analysis showing larger particles from LFjOl
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Analysis of particle shape could only ascertain that the replacement candidate 
appeared to come from cleavage-type fractures. Both the virgin and replacement 
samples were assessed to be poor shapes for flow.
3.3.3.3 Particle Size
Extensive investigations were carried out regarding particle size. Samples of the 
recycled feedstock were taken before and after processing through the 
aeromechanical conveyor and compared to the virgin feedstock standard. The 
analysis of particle size was conducted using a series of mechanical sieves in order 
to attain groups of particles within a size range, shown in the table below.
Particle size distribution (%) microns
Type >300 300-212 212-150 150-75 <75
Un-sieved - As received 2.20 4.00 5.40 62.20 26.20
Un-sieved - After screw 0.37 0.96 3.22 70.40 25.05
Sieved - As received 0.08 0.30 3.48 68.48 27.66
Sieved — After Screw 0.00 0.60 4.50 75.50 19.40
Virgin Feedstock 0.05 0.24 0.39 85.10 14.22
Table 3.8. Sieve analyses of recycled feedstock (LF_01), before and after sieving 
compared to standard virgin material
The analysis shows that there are larger particles present in the recycled feedstock 
when un-sieved. It is thought that these particles may cause tearing of the fibreglass 
backing when they arrive at the applicators as they get trapped between the rollers 
and backing and are scrapped along. However, only a full-scale trial would indicate 
if this was the case
3.4 Full-Scale Trial
3.4.1 Introduction
A full scale trial was undertaken in order to assess the material under actual 
processing conditions. The replacement material was used in the two conditions 
shown above; as received and sieved. The material was introduced using a series of 
blowers into the system at the heater and conveyor before the internal heated 
storage bunker, SB56. It then flowed through the conveyors and bunkers and 
continued in the normal process cycle to the applicators in the bitumen mix, where 
it was applied as part of the normal backing system.
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3.4.2 Moisture Content
Moisture is introduced into the sample below 70°C. This moisture will not cause 
visual changes to the material (the previous SEM analysis showed this), but will 
probably interact with the limestone causing it to become more ‘sticky’ and 
difficult to flow. The current processing conditions can drive off moisture 
effectively to below 0.3%, but this can vary throughout the manufacturing day.
Comparing the moisture in the materials after the aeromechanical conveyor shows 
that the candidate materials contain considerably more moisture at any given time 
(See below).
Type Normal Sieved Un-sieved
Moisture (%) 0.075 0.25 0.11
Table 3.9. Moisture variation during trial
However, monitoring of the virgin material at the vent in SB56 has shown that 
moisture can vary considerably with processing, compensating for these changes. 
Therefore, it is believed the processing changes can compensate for any changes in 
material properties encountered.
3.4.3 Bitumen Mix
The greater number of smaller particles in the LF_01 material may cause an 
increase in viscosity of the bitumen mix. This is because they will have a greater 
surface area per unit mass than a larger particle size which will in turn interact with 
the liquid bitumen. Samples were taken from the applicators during the trial and 
compared to the standard bitumen mix made with virgin feedstock.
Samples were taken from the compound tank and compared to the standard mix, 
using BS 13302. Mixes 2 to 4 were the sieved feedstock, 5 to 7 were the un-sieved 
feedstock and 1 and 8 were mixed with the standard feedstock in an unknown 
proportion.
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Virgin
Feedstock
Recycled Feedstock
Mix 1 2 3 4 5 6 7 8
%
Filler 69.52 69.65 69.69
150°C 103.0 126.0 147.0 186.0 164.0 153.0 129.0 143.0 118.0
155°C 83.8 96.0 121.0 166.0 139.0 127.0 121.0 119.0 97.6
165°C 60.8 65.0 85.0 101.0 107.0 95.0 98.0 96.0 73.6
Table 3.10. Viscosity changes of bitumen mix during trial measured at elevated 
temperature (Pa.s)
This data shows clearly that the candidate for replacement filler possesses viscosity 
at the upper end and beyond of the standard specification of 80- 150 Pa.s at 150°C 
as defined by InterfaceFLOR. The un-sieved material contains larger particles for 
this process. This is reflected in the slightly lower viscosity measured, in 
comparison with the sieved samples. Therefore there will be a careful balance 
required between removing large particles that may interfere with the application of 
bitumen and reducing the number of small particles that may adversely increase the 
viscosity of the mix. However, this level of 25 wt% of particles below 75 pm 
appears to be the maximum within which the process controls may compensate for.
The temperature of the standard bitumen mix applied has been varying by 
approximately 10°C, thus increasing the viscosity. If the recycled feedstock can be 
heated to the original temperature then the viscosity can be reduced to an 
acceptable level.
3.4.4 Trial Conclusion
The full scale trials showed that the material (LF_01) could be used successfully as 
a replacement filler material in the bitumen mix provided process controls can be 
altered to compensate. Evidence from the trial indicates that few problems were 
encountered, except for a number of short draglines at the application of the 
bitumen mix to the backing system. Therefore it was decided that the recycled 
feedstock could potentially replace the virgin feedstock based on particle size. 
However, there were some complications with the filler.
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As explained previously at the end of the carpet tile manufacturing process, the 
rolls of material are cut into tiles. A large press with blades is currently used to do 
this. During the trial the tile-cutting blades had to be re-sharpened after just 15- 
30,000 cuts compared to 500,000 using the virgin filler. InterfaceFLOR, US, has 
confirmed that the filler they use has very high silica content (around 62%) and 
change their blades approximately every 10,000 cuts.
It can be concluded that the relatively small increased in hardness of the filler 
material has a significant impact on the lifetime of the cutting edge. The more 
frequent blade changes will have a time and cost implication that may have a 
detrimental effect on production and should be considered against the 
environmental benefits of using alternative filler.
3.5 Summary
A significant barrier to the introduction of recycled feedstock was that the 
processing line was already running below optimum speed using virgin material of 
known and consistent characteristics. The bottlenecks in the transport of material 
from storage to the processing line were examined and identified. This involved the 
use of ‘soft’ evidence such as anecdotal evidence from line operators to guide the 
investigation, although ultimately conclusions were drawn from observation and 
measurement. Solutions were found to these bottlenecks and implemented such that 
a constant line speed improvement of some 25% was achieved.
The recycled feedstock was assessed for parameters affecting flow, such as particle 
size, shape and composition. This data, combined with the increased confidence in 
processing, allowed full-scale trials to be carried out which demonstrated that an 
acceptable line speed could be maintained using this feedstock. These experiments 
also indicated the range of properties that would be required in other recycled 
feedstock. The feedstock will be required to be a chemically inert material with 
particles regularly-shaped. Ideally these particles would have a normal distribution 
below 300 pm and less than 25 wt% of particles below 75 pm.
This result means that the virgin feedstock can be substituted in the process with 
confidence in the machinery, process and method. As a consequence the substituted 
material could be from a recycled source, and when used in conjunction with 
InterfaceFLOR’s recycled face yam this results in an immediate increase to over 70 
wt% recycled product content. This has satisfied in part the phase 1 objective of 
this project to be able to reduce environmental impact of current product and 
continue the progress already undertaken at InterfaceFLOR. On the conclusion of 
this part of the project, there was a change in the direction of the company which 
led to the second phase of this project and this is described in the next chapter.
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Chapter 4 Innovation Concept
4.1 Introduction
One way in which a product can become more sustainable is by replacing virgin 
feedstock with recycled material. This has been achieved at InterfaceFLOR and has 
been described in the previous chapter. The company has also investigated and are 
continuing to examine other ways of introducing recycled content into their current 
product- including the possibility of recycled nylon or polypropylene yam. This 
evolutionary process, led by the Product Development Teams, has proven 
successful in getting InterfaceFLOR to the current state which has been described 
in Chapter 1.
InterfaceFLOR requires revolutionary changes to bridge the gap between the status 
quo and the requirement to be fully sustainable. The role of Innovations Director 
and the Innovations Department was created in order to address these challenges. 
As well as leading the creation of new concepts, this group has the responsibility 
for bringing an Innovations Pipeline of ideas and products to market.
As part of the brief for the Innovations Department, the Innovations Workshops 
were established, as described in section 1.3.3.3. The formation of the network 
formed a turning point for InterfaceFLOR as well as the change in direction of this 
EngD project to the commencement of phase 2.
A number of novel concepts for redesigning flooring were suggested by the 
‘Innovations Network’, some of which have since been developed further to 
prototype stage. One such concept was described as ‘Pour Man’s Floor’- a system 
of liquid material from renewable sources that could be poured onto a floor and set 
quickly. This concept ultimately became known as Pour-A-Flor (PAF) and this is 
described in more detail in the next section.
The PAF concept brief was defined as part of this project. A literature and market 
search indicated that there was no immediate solution to the brief. It was decided 
therefore to define an intermediate material which could act as a PAF prototype. 
This could give some indication as to whether the final concept was viable. The 
prototype requirements and the screening of candidate systems are described in 
section 4.3.
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A resin material, based on epoxidised linseed oil (ELO), was suggested by leading 
researchers as a candidate system. This system was investigated further, in order to 
assess if the material had potential to fulfil the defined prototype requirements and 
described in section 4.4. This EngD project provided the impetus for this 
investigation and guided the research for this part.
PAF spawned a number of other creative ideas linked to the original concept.
These have been continued as part of this EngD project and are described in section 
4.5. In this section the other possible projects that could be satisfied with this ELO- 
based resin material are described- renewable Interlock (previously described in 
section 2.2.23) and a replacement backing system (introduced in the previous 
chapter). The investigation of the ELO-based resin material for these concepts as 
part of this EngD project is described in the next chapter. The original PAF concept 
is described in the next section.
4.2 PAF Concept Description
The following section describes the ideal characteristics of the PAF system. This 
brief was constructed by ignoring the limitations of present materials and only 
considering ideal characteristics of the concept. The brief is entirely without 
constraints.
PAF is a multipart and modular system. The concept offers flexibility with 
creativity as the floor is literally poured either onto an existing surface or a new 
design. PAF is a design-upwards system, in that it encourages the customer to 
begin to create a room from the base upwards and consider the floor as a major 
design tool.
The underlay, or design substrate, that constitutes the design of PAF offers a range 
of possibilities. It provides the visual mood for the surface as it provides design 
flexibility in colours, shapes, patterns and brand identity. InterfaceFLOR would 
suggest design ideas and sell templates for use within PAF to encourage individual 
customer creativity, whilst highlighting other areas of sustainability.
The top surface for PAF will be provided in a one or two-part system that can be 
purchased off-the-shelf as a liquid. The floor will be designed to set-to-touch 
quickly (2 hours maximum) and to harden for contract use within a designated time 
(6 hours maximum). The PAF will be self-levelling and offers a hygienic seal for 
the floor, whilst incorporating anti-slip elements, which will be designed to be an 
impervious barrier to water and micro-organisms, so making PAF ideal for wet 
areas.
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The floor is easy to clean, as the surface can be rough or textured (which could be 
achieved through the addition of particles into PAF), unlike textile surfaces. The 
surface can be vacuumed and mopped using conventional methods without damage 
to the surface.
PAF could be removed from the substrate either chemically or mechanically. It 
could then be placed in a composting facility to biodegrade over a period of time, 
or placed in a home composting facility to degrade over a prolonged period.
The PAF concept is positioned at the top of the waste hierarchy in that it generates 
no waste at installation, since the amount of material required is precisely 
delivered. It is also made from entirely renewable resources and is completely 
biodegradable. Therefore the material taken from the Earth when PAF is made is 
returned in a usable form.
Collaborations and partnerships were identified as essential to implement this 
concept. InterfaceFLOR required external partners to provide technical assistance 
and to provide initial biopolymer material. Technical assistance would also be 
required from academic partnerships to assess the structure and surface chemistry 
of the PAF prototypes. The external partners could also assist the company in the 
advancement of the prototypes through to small-scale production phase.
In summary the ideal characteristics of the PAF system are that it:
• Is a one or two part system
• Is made entirely from renewable resources
• Can incorporate other material as a sub-floor to provide designs that will be 
possible for the home-user to use
• Is simple to install- including setting and hardening quickly
• Offers an impervious barrier to liquids and micro organisms found in 
everyday use
• Is easy to clean
• Is versatile enough to be used in many climates.
• Is entirely biodegradable
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The concept description shown above is an ideal situation that would require years 
of research and development in order to move to production scale. The first six 
months of this project were spent defining the concept brief and establishing 
partnerships in order to acquire the relevant expertise. Agrotechnology and Food 
Innovations (A and F) were identified as a leading biopolymer research 
organisation that could provide valuable input to this project2. InterfaceFLOR had 
previous contact with A and F through the biopolymer.net network on a 
consultancy basis. They had previously been proficient in areas that were 
appropriate for the PAF concept.
To this end A and F suggested a primary technology that was investigated as part 
of this project and conducted the research into drying times of the ELO-based resin 
material under the direction of the research engineer.
In order that a prototype could be developed, the second phase of the project was 
further divided into 4 tasks:
1. Translation of the PAF concept into quantifiable properties
2. Screening of available casting technologies
3. Proof-of-principle A and F technology
4. Feasibility of other systems
The translation of PAF into measurable properties enables a comparison of the 
concept requirements with those that are currently available from products in the 
marketplace. This then led to the definition of the prototype requirements, 
described in the next section. Available casting technologies were examined and a 
patent search completed to assess if any product currently available fulfilled the 
prototype requirements. The second phase of the project concentrated on the ELO- 
based resin material suggested by A and F. This investigation is described in the 
next section.
2 Agrotechnology and Food Innovations describe themselves as specialists in market-driven 
research for the food sector and agrotechnology. It is a modem research and development facility, 
focusing on the entire supply chain and works in partnership with Wageningen University. Its key 
activities are in bio-based products, quality in the supply chain, food quality, agrisystems and the 
environment. It can offer research facilities that range from the lab to pilot-scale facilities.
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4.3 Translation of PAF to Measurable Properties
4.3.1 Prototype Definition
As previously described, one of the first tasks was to translate PAF into measurable 
properties in order that the prototypes could be assessed against a standard. It was 
not intended that the prototype requirements would be those of the final product, 
but would be those of an intermediary that could be refined to fulfil the PAF 
concept requirements. This ensures that options remain open for the first stage of 
this project, as properties can be refined through experimental evaluation and 
assessment. In order to define the prototype requirements, a number of tasks had to 
be completed first. These are shown in figure 4.1.
Prototype
Translation of PAF concept 
into measurable properties
Screening of existing casting 
technologies
Review of current biopolymer 
technologies
Testing of principal resin material
"O
Figure 4.1. Inputs required in order to create PAF prototype
Initially the important characteristics were defined as drying time, durability and 
adaptability. These were expanded to include dry to touch after a known time, 
within a range of peel strengths, and a two-component or thermally activated 
system, which is translucent, non-hazardous and made from a defined amount of 
renewable resources. These requirements are expanded and described below.
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The prototype requirements could then be defined with the aid of the knowledge 
gained from screening of existing casting technologies and reviewing that which is 
currently possible. The existing technologies examined included the following; 
epoxy resins, screeds, resin concrete, resin mortar, floor paint, vinyl and carpet tile. 
The application systems that are frequently used are brush, grooved trowel, roller, 
spray (pump and aerosol), bucket and shovel.
A search was conducted in order to investigate the current fluid systems based on 
renewable resources. This showed that there is little information currently available 
on such systems. The results of the search can be found in the 18-month report 
attached as Volume 2 of this portfolio (Carter, 2005).
The concept description set the amount of renewable materials contained in the 
product to be at 100 %. The literature search revealed no liquid biopolymer 
systems on the market that are 100 % renewable. There are some systems currently 
being investigated for use in the laminates industry based on vegetable oils 
(Fowler, 2005). However, these are not commercially available and contain a 
number of hazardous processes such as ozonisation and the use of volatile gases.
No patents were discovered in the course of this investigation that precluded 
further development work. Technologies in this area are still developing. Although 
there are many fluid-flooring systems, these are frequently industrial systems based 
on epoxy resins, concrete or paints, based on non-renewable materials and involve 
complex application methods. These are described in the next section and 
compared to the ideal characteristics of the PAF concept.
4.3.2 Current Marketplace Technology
Initial screening of flooring within the marketplace revealed a varied and extensive 
group of candidates. These included concrete, paints, vinyl and screeds. This 
section describes a consideration of these candidates to assess if they fulfil all of 
the PAF concept requirements. Therefore the screening of current marketplace 
technology also aided the definition of the PAF prototype requirements. The 
flooring types were then compared again against those requirements and it was 
noted that some of these candidates could fulfil some of the PAF prototype 
requirements. Those candidates described below are all industrial systems used in 
various applications.
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Concrex is a tough epoxy resin mortar for repairing concrete floors. Floor paint is 
used decoratively, although hardwearing and is applied over another flooring, such 
as concrete. Epoxy gloss paint is generally solvent based and must be applied in 
well-ventilated areas. Flow Top is a slip-resistant coating, which can be over­
coated. It is suitable for use on uneven and damaged concrete to produce a smooth, 
high strength surface (Watco, 2005).
Vinyl and linoleum were described in Chapter 2. They are flexible floor coverings 
provided in roll or tile form that are glued to the sub-floor. They are hard wearing 
and offer good flammability resistance. Whilst the basis of vinyl is PVC, the main 
basis of linoleum is linseed oil.
These candidates are compared to the PAF concept requirements that were 
identified in section 4.2 as it:
• Is a one or two part system
• Is made entirely from renewable resources
• Can incorporate other material as a sub-floor to provide designs that will be 
possible for the home-user to use
• Is simple to install- including setting and hardening quickly
• Offers an impervious barrier to liquids and micro organisms found in 
everyday use
• Is easy to clean
• Is versatile enough to be used in many climates.
• Is entirely biodegradable
Concrex Floor
Paint
Epoxy
Gloss
Paint
Flow Top Vinyl Linoleum
One or two parts V V V V X X
Renewable X X X X X V
Incorporation of 
other material
X V X V X X
Simple to install X X X X X X
Impervious X X X X V V
Easy to clean V V V V V V
Versatile V V V V V V
Biodegradable X X X X X X
Table 4.1. Examination of existing technologies compared to PAF concept 
requirements
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From the above table, patent search and discussions with those involved in the 
flooring industry, it was obvious that there were no flooring products currently 
available that would fulfil the PAF concept. The renewable content and 
biodegradability of the system proved to be the most challenging requirements to 
fulfil.
The system that was suggested for PAF, which will be described in section 4.4.2, 
did not have a 100 wt% renewable content. Based on this initial investigation, 
combined with the lack of fluid biopolymer patents, the renewable content of the 
prototype was set at 50 wt%. Therefore the prototype requirements were a 
compromise between the ideal and achievable situation.
By screening the existing technologies the range of required peel strengths could be 
defined. The maximum was defined as that of a strong adhesive on prepared 
concrete- approximately 10 MPa, and the minimum defined as that of a magnetic 
tile on a prepared screed- approximately 0.75 MPa (Mantle, 2004).
Based on this search, the prototype requirements were refined and described as:
• Dry to touch at 25°C after 6 hours
• 0.75 MPa < Peel strength on concrete (brushed and set) <10 MPa
• Either
o thermally activated system or 
o optically activated system or
o several component system with at least one component liquid at 
25 °C
• Materials are non-hazardous (in laying/use/removal)
• Translucent enough to see clearly the sub floor through a 1cm layer
• Made from at least 50 wt% renewable materials with no more than 50 wt% 
non-hazardous materials making up the rest of the system
The next step was to compare those products in the market place that have already 
been identified to the prototype requirements.
I l l
Concrex Floor
Paint
Epoxy
Gloss
Paint
Flow
Top
Vinyl Linoleum
Drying V V V V V V
Peel strength X X X X V V
Thermally, optically 
activated or semi­
liquid system
V V V V X X
Non-hazardous V X X X V V
Translucent X X V X X X
Renewable content X X X X X V
Table 4.2. Examination of existing technologies compared to PAF prototype 
requirements
It can be seen from table 4.2 that the flooring systems selected do not fulfil the PAF 
prototype requirements. There are some that can be made from an increased 
renewable content, but have not reached the mass market. Therefore an alternative 
has to be sought.
4.4 Investigation of Candidate System
4.4.1 Introduction
It was clear that there was no immediate solution to the prototype requirements 
within the flooring industry or the biopolymer industry. A biopolymer may be 
defined as a polymer that is based on renewable resources. Biopolymers are still 
being investigated and are developing but have been used for a number of years.
Since the 1990s polymers based on renewable feedstocks and natural fibres have 
been used in a variety of applications, such as biodegradable capsules for drug 
delivery systems (PURAC, 2004), non-woven material in the replacement of 
human tissue (Eagles et al, 1997), waste bags and packaging material (Van de 
Velde, 2002). Biopolymers are also used in adhesives, fibres, animal products, 
personal care, medical, garden and more commonly packaging applications 
(Biopolymer.net, 2005).
Commercial biopolymers have found use in a wide variety of applications such as 
polylactic acid (PLA) used as face yam in carpet tiles (Interface PLA, 2003), 
EverCom Resin™ used in drinks containers (Japan Cornstarch, 2005) and another 
starch based polymer, Materbi™, used as packaging for Sainsbury’s supermarket 
chain’s apples and potatoes (Novamont, 2007).
112
More recently biopolymers have arisen due to a number of extraction processes and 
chemical pathways becoming available such as the cross-linking of epoxidised 
natural oils (Boquillon and Frigant, 2000). Starch-based polymers have been 
extensively investigated (Patel, 2003, Johnson, 2002, Van de Velde, 2002) and 
their properties are well documented. However, their mechanical performance does 
not generally reach the level of their petrochemical counterparts and therefore they 
cannot be used at the same level in applications. PLA, for example, has been used 
as an alternative to nylon in the carpet industry, although it does not provide the 
long-term aesthetic properties of its nylon cousin and flattens readily (Colton,
2004). Consequently nylon will continue to be used until PLA can be modified 
such that it performs as well in heavy contract situations. InterfaceFLOR is 
continuing this investigation using collaborative partnerships.
It was clear that external collaboration was vital to the success of this concept in 
order to provide material and expertise in chemical formulation. A collaborative 
partnership was initiated in conjunction with A and F to satisfy this need. They are 
leading biopolymer researchers and experts in crop processing. The ELO-based 
resin material that was suggested for the PAF concept is described in the next 
section.
4.4.2 Candidate Material
The material chosen was based on epoxidised linseed oil (ELO). It is manufactured 
from linseed oil that is produced from the flax plant, which yields oil and linen. 
Around 1 million tonnes of oil is produced annually, with 60,000 tonnes used in the 
EU- of whichl5,000 tonnes are used in the technical and chemical industries 
(Spencer, 2002). The oil has been used as a paint binder, wood finisher and in the 
production of linoleum which was described in Chapter 2.
ELO can be formed from the linseed oil during commercial processes. This process 
is described further in the next chapter. The next chapter also discusses a life cycle 
analysis that compares ELO with petrochemical alternatives, used as varnishes. 
These analyses show that ELO can compare favourably to a petrochemical 
alternative as a varnish. However, a more detailed analysis would be required in 
order to confirm this for a particular flooring product, once the attributes of this 
product are known. ELO will be considered for the next part of this analysis.
The fatty acid composition of linseed oil is dominated by C18 fatty acids, C18:2 
(16 % of oil) C18:3 (50% of oil) (Turner, 1987). The main fatty acid, linolenic acid 
(Cl8:3) contains three carbon-carbon double bonds (Boquillon and Frigant, 2000). 
These are the bonds that are oxidised in the production of linoleum.
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An epoxide is a cyclic ether with three ring atoms. The ring is an approximately 
equilateral triangle with highly strained bonds at 60° to each other. The strained 
ring makes epoxides highly reactive and susceptible to nucleophilic addition via the 
use of an acid or base. The ELO is composed mainly of epoxidised linolenic acid. 
The chemical structure of an epoxidised triglyceride of linseed oil is shown in 
Figure 4.2 (Overeem et al. 1998).
0  O
Figure 4.2. Schematic diagram of ELO
The ELO is a long-chained acid and a cross-linker is required to bind with the 
liquid ELO to produce a solid polymeric material. This could potentially be 
achieved at room temperature for the PAF concept.
A number of cross-linkers that can work with ELO to create a polymer have been 
described in the literature (Boquillon and Frigant, 2000). These are heated at 150°C 
for 20 minutes to facilitate cure, thus making them impractical for use with PAF. A 
selection of the cross-linkers described is indicated in table 4.3.
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Name Formula Molecular weight 
(g/mol)
Phthalic anhydride (PA) oo 148
Cis-1,2,3,6- 
Tetrahydrophthalic 
anhydride (THPA)
> ° v  
0 = \  z ™ 0
152
Methyl-tetrahydrophthalic 
anhydride (MTHPA) 0 =  \  z ™ 0
166
Methyl-hexahydrophthalic 
anhydride (MHHPA)
,<x
0 = \  / = 0
168
Methyl-
endomethylenetera- 
hydrophthalic anhydride 
(METH)
178
Table 4.3. Cross-linkers that can react with ELO to form a cured biopolymer 
(Boquillon and Frigant, 2000)
A cross-linker was suggested by A and F that could potentially be used to cure 
ELO at room temperature. The di-acid cross-linker is formed by the heating of 
dipropylene glycol in the presence of maleic anhydride as shown schematically in 
figure 4.3.
Figure 4.3. Schematic diagram of cross-linker
The manufacture of the cross-linker is described more fully in the next chapter and 
Chapter 4 of the 30-month report, included as part of this portfolio. The cross­
linker is currently produced on a laboratory-scale from non-renewable resources. 
There is no rationalisation for this and this was discussed in a private 
communication with Dr. Jeff Hardy of the University of York and the National 
Non-Food Crop Centre on 17th February 2005. It was decided that much of the 
structure of the cross-linker could potentially be replaced by renewable resources, 
further reducing the environmental impact of the system.
The epoxide groups on the ELO and the acid groups on the cross-linker can react to 
form a network, shown schematically below.
HQ. O . X )HO T  o O
/  \  +
ELO
^  'A - V \W ’-A V A A A A V s A / 1
15 minute
Figure 4.4. Schematic showing reaction of ELO with cross-linker
The prototype requirements had listed the properties required from a system. This 
system contained at least 50 wt% renewable material, was non-hazardous, 
contained two liquid components at room temperature and was translucent after 
manufacture. Therefore the focus of the initial investigation was to tackle the 
remaining requirement by assessing drying time of the ELO-based resin material at 
room temperature. The peel strength was also gauged using prototype materials.
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4.4.3 Results from A and F Collaborative Investigation
It was decided that drying time was one of the most critical factors to be 
determined for the ELO-based resin material since it would have to be practicable 
in order to be commercially viable. The material was known to be a two component 
system, both liquid and translucent at 25 °C, with at least 50 wt% renewable and 
the other component non-hazardous. The material was also known to bind well to a 
substrate (it was difficult to pull apart the samples manufactured by hand).
During the course of this investigation a 6-speed elcometer drying time recorder 
was used to assess drying time. This has been used extensively in the paint industry 
to assess drying time of coatings. British Standard EN 29117 describes a drying 
test using plungers, on which the drying time recorder is based. However, since this 
equipment was not readily available, the drying time recorder is used as a guide at 
A and F.
The mixture was applied on a rectangular shaped glass plate of dimensions 70 mm 
x 20 mm x 0.5 mm. A needle with a ballpoint was placed on this glass sample 
carrier and pulled through the mixture at a rate of 12 mm/hour. As the coating 
cures, the trace left in the coating by the ball identifies each stage of the cure. 
Initially the coating levels off under gravity as the needle is pulled through the 
liquid sample. Once it begins to cure, a thin, dry film appears on the surface and so 
the ball leaves a trace. When the ball no longer leaves a trace the coating is fully 
cured (Elcometer, 2005).
With a molar ratio of cross-linker:ELO of 3:1, theoretically all the epoxide groups 
of the ELO can react with all the acid groups of the cross-linker. With a molar ratio 
of 1:1, in theory, all the acid groups of the cross-linker can react with just two 
epoxide groups of an ELO molecule, resulting in a more flexible polymer. A molar 
ratio of 5:1 was also chosen to give an excess of crosslinker. The results from the 
drying time recorder are shown in figure 4.5 below.
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Hours
0 5 10 15 20 25 30 35 40 45 50 55
ELO/crosslinker 15
ELO/crossliuker 1:3
ELO/crosslinker 1:1
Figure 4.5. Results from drying time recorder at room temperature
Dynamic mechanical and thermal analysis (DMTA) involved using a Rheometrics 
RSA II solids analyser to acquire a value for glass transition temperature. 
Mechanical tests were performed on a Zwick Mini Hasy System at A and F. These 
mechanical tests are not conclusive as they were conducted only to give an 
indication of properties. It is recommended that these tests be repeated in a 
controlled environment in order to achieve consistent results. The results for the 
ELO-based resin material cured at room temperature and the results from material 
that was cured at elevated temperature are compared in table 4.4 below.
Ratio ELO: 
Crosslinker
Curing
Temp
(°C)
Curing
Time
Stress-
max
(N/mm2)
Strain at 
Fracture
(%)
Glass 
Transitio 
n Temp
(°C)
Young’s
Modulus
(MPa)
1:5 22 3 days 0.5 40.6 -4.4 2
1:3 22 3 days 0.4 32.3 -9 0.8
1:5 150 30 min 1.4 51.7 6.2 3
1:3 150 30 min 3.5 63.1 14.7 6
Table 4.4. Results o f mechanical tests on material
H ........................
I I
□ Liquid
□ Tear
□ Soft dry
□ Dry
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The mechanical properties were tested three days after the reaction had begun to 
occur at room temperature. It may be that the reaction is still occurring, albeit very 
slowly. Therefore these tests should be repeated several times after reaction begins. 
It is recommended that they are repeated several days, weeks and months after the 
two components are mixed. The time that the materials should be left to allow 
resilient processes to cease will be expanded upon when the next stage of the 
project is defined further.
As previously stated, these tests were designed to give an indication of mechanical 
properties and can therefore be used as a guide to performance. The conclusion that 
can be reached is that these polymers are rubber-like in their performance, with low 
Young’s Modulus and high strain at failure. This is advantageous at this stage in 
the development of PAF as the material can resist impacts and properties can be 
further modified at a later stage.
The main drawback with the resin material is its curing time of over 50 hours. As a 
first step to reducing this, catalysts were introduced at 1 wt% in order to assess if a 
reduction in curing time could be achieved. The results of adding three catalysts to 
the molar ratio 1:3 are shown in figure 4.6.
1 wt% of catalyst would give a good initial indication of effect, although different 
amounts should also be investigated as part of the second stage of this project. 
Manganese is known as a surface dryer (Hardy, 2005), whereas tin and zinc are 
used in the form of salts in order to increase electron transfer during reaction. It 
may be that the manganese dries a thin coating quickly (as is shown by the drying 
time recorder), but does not work as effectively for thick coatings, which may be 
laid down as PAF (Hardy 2005).
119
Hours
0 10 20 30 40 50
1 % Manganese
1 % Zinc
□  Liquid BTear □ Soft dry □ Dry
Figure 4.6. Results o f drying time with the addition o f catalysts
These initial experiments showed that the curing time could be reduced by around 
20 hours as a first attempt. Although this is dramatic, this requires further 
investigation, in order to verify the effect of changing the amount of catalyst, as 
there may be environmental factors that limit their use.
4.4.4 Discussion
The initial investigation into the PAF system proved promising, even though the 
drying time for the ELO-based resin material was still unacceptable. Some samples 
were manufactured in order to provide ‘proof-of-principle’ of the PAF concept. 
These are shown below.
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Figure 4.8. Photograph showing PAF with inclusions
Figure 4.9. Photograph showing variation in height and coverage (tiles are 50cm 
x  50 cm)
An important next step to develop the PAF concept is to consider the effects of 
different amount of catalysts on the reaction rate. There are also a number of other 
more powerful catalysts to consider, such as sulphuric acid and sodium hydroxide. 
These are not considered to be ‘environmentally friendly’ and are listed under the 
hazardous substances regulations (National Environment Agency, 2005). These 
may provide some indication as to how fast the reaction could occur at room 
temperature and effect on mechanical properties. If it is found that the curing time 
cannot be improved, even with these powerful catalysts, it is unlikely that the other 
catalysts will be able to improve it to the prototype properties required and some 
other system must be found.
The initial investigation has shown that, based on the materials tested, there is no 
immediate solution that fits the PAF concept. It has been shown that with this work 
the prototype requirements cannot be easily reached. Future work for PAF would 
have to be broken down into a number of further phases. The initial research and 
testing exercise, phase one and two, has been completed.
The resin material based on ELO has shown promise for the PAF system and a 
series of well-thought-out experiments will show if this system can fulfil the 
prototype requirements. The third stage of the investigation would take a further 12 
months of project time (A and F, 2005). This would aim to increase the amount of 
renewable material, reduce curing time using renewable catalysts and develop 
concepts for application methods.
A SWOT analysis of this concept is summarised in table 4.5.
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Strengths Weaknesses
Potentially sustainable as based on 
renewable resources
Knowledge of material in-house 
requires development
Demonstrates innovative R and D within 
InterfaceFLOR, helping cement the 
position as market leaders
Costly
Delayed financial payback
Patentable
Large customer reach
Opportunities Threats
Reassert InterfaceFLOR’s position as 
number one in sustainability with 
renewable material
Increases external partnerships
Leading the way for biopolymers to 
enter mainstream
Length of investigation high
Costs potentially high with no 
immediate payback
External input required
Possible increased collaboration with 
InterfaceFLOR, US
Table 4.5. SWOT analysis of the PAF concept within InterfaceFLOR
PAF has the potential to be an innovative and sustainable system that offers unique 
design opportunities and brings the sustainability message to a wider audience. 
However, there may not be a solution to the requirements of the concept brief 
within the foreseeable future.
It can be seen that there is a great deal of work to complete in order to take PAF to 
stage three. There are a number of other stages that would follow to get PAF to 
prototyping stage. It may be that some additional work would take the ELO-based 
resin material towards the ultimate aim of PAF, whilst offering some intermediate 
goals. These are described in the next section.
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4.5 Future Work
4.5.1 Introduction
There are a number of ways that this ELO-based resin material could be used at 
InterfaceFLOR, two of which are described in this section. The material could be 
investigated further by using these two concepts, thus increasing the knowledge of 
this system and bringing the PAF concept closer to completion.
4.5.2 Interlock
Interlock is a PVC tile system that was described in section 2.2.2.3. A sub­
contractor manufactures Interlock for InterfaceFLOR, Europe. It is produced using 
an extrusion process, relying on a heating and cooling cycle for the PVC to form 
the shape required. This is achieved using a heated extruder and mould.
The specifications state that Interlock should be manufactured from post-industrial 
waste, thereby reducing environmental impacts over the life cycle of the product. 
There has been a lack of consistency with the quality and quantity of feedstock and 
virgin material has to be used for the majority of production.
There are a number of concerns regarding the manufacture of PVC that are still 
being addressed such as the use of plasticisers, chlorine, dioxin and furan 
production (Carrol Jr et al, 2000). The chemicals produced as by-products in the 
production of PVC have been linked to increased likelihood of certain cancers, 
including testicular (Ohlson, 2000). It is obvious that PVC has a number of 
environmental concerns associated with its manufacture. It would therefore be 
preferable to offer the same qualities that Interlock currently offers with some 
alternative material.
The PAF investigation has been focused on reducing the curing time of the system 
at room temperature, although this can be reduced to 30 minutes at 150 °C. Since 
the PVC used to produce Interlock is currently extruded at elevated temperature 
and pressure, there may be reductions in energy requirements during manufacture.
This ELO-based resin would replace PVC by offering a similar service, at reduced 
environmental cost. ‘Sustainable’ Interlock is therefore described in the same 
manner as Interlock- hardwearing, anti-slip, practical and durable flooring. It is 
suitable for light to heavy use, such as can be found in an industrial setting. It is 
also flexible enough to be used for exhibition stands, retail and hospitality as it can 
be installed with an adhesive or laid loose.
A SWOT analysis of ‘Sustainable’ Interlock is summarised in table 4.6.
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Strengths
More sustainable than PVC
Can use established manufacturing 
techniques
Demonstrates innovative R and D 
within InterfaceFLOR, helping cement 
them as market leaders
Patentable
Similar investigations in the US but can 
be continued within the UK
Medium customer reach
Transport costs reduced since a low 
density product is sought
Weaknesses
Knowledge of material in-house 
requires development
Market requirements potentially low
Investment in manufacturing equipment 
is required
Opportunities
Reassert InterfaceFLOR’s position as 
number one in sustainability with 
renewable materials
Raise InterfaceFLOR’s profile in Green 
Chemistry Network
Novel designs can be produced quickly
Threats
Length of investigation relatively high
Other Interlock-style material already 
available commercially
Table 4.6. SWOT analysis of renewable Interlock concept
Primarily this concept is a hardwearing, practical flooring. However, the add-on 
benefit is that it is designed to be environmentally preferable to the original 
Interlock. There is another area within InterfaceFLOR that this material could 
provide an environmentally preferable alternative to a current product, which is 
described below.
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4.5.3 Backing System
There are a number of systems available for backing carpet before cutting into 
carpet tiles, two of which are used at Shelf Mills. They are known as Graphlex and 
Glasbac. The Graphlex backing has been described in Chapter 3, as the 
introduction of recycled filler was investigated for this system. The Glasbac system 
was described in section 2.2.3.2.I.
The Glasbac system is a thermoplastic composite that incorporates fibreglass for 
dimensional stability. However the primary backing constituent is based on 
plasticized and filled PVC. It is applied cool and heated to cure.
Double layer of 
fibre glass
Fusion implanted 
textile  surface
Main com posite in 
therm oplastic resins
Secondary layers in 
therm oplastic resins
Figure 4.10. Illustration o f Glasbac backing system (Interface Backing Systems, 
2003)
PVC is manufactured from vinyl chloride (CH2=CHC1), although it can be heavily 
plasticized, additives such as flame-retardants, stabilisers, pigments and fillers are 
usually added. It is a thermoplastic and therefore can be heated and cooled to form 
different shapes. Heat is required in this instance to cure the PVC due to the 
additives included.
PVC is a relatively expensive polymer in comparison to other constituents in the 
backing mix and therefore must be filled with more cost effective materials. It is 
mixed with plasticizers, resins and fillers in order to bulk the mix. The plasticizers 
and resins allow more filler to be added. At InterfaceFLOR the filler used is graded 
virgin limestone.
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Although the Glasbac system has strict requirements, depending on the 
specifications required for the product, there is scope for varying the processing 
requirements. For example, the temperature of the heated rolls, cooling rolls and 
infrared heater can be varied. Altering the line speed can also vary the time taken to 
heat the material.
The PVC is applied cool and this temperature cannot be altered without some 
investment in capital costs. Therefore a liquid system is preferable for 
straightforward replacement. The system can then be heated and cooled in a 
number of ways without excessive modifications to the current processing 
equipment. A SWOT analysis is shown in table 4.7.
Strengths
More sustainable than PVC used in 
current product
Can use established manufacturing 
techniques
Demonstrates innovative R and D 
within InterfaceFLOR, helping cement 
them as market leaders
Patentable
Could replace all carpet-tile backing in 
US although investigation can be 
continued within the UK
Instant customer reach to present 
customers
Weaknesses
Knowledge of material in-house 
requires development
Investment in current manufacturing 
equipment required
Absolute confidence in product required 
to change entire product range
Opportunities
Reassert InterfaceFLOR’s position as 
number one in sustainability with 
renewable material
Raise Interface’s profile in Green 
Chemistry Network
Novel designs can be produced quickly
Threats
Length of investigation relatively high 
Threat of copying high
Table 4.7. SWOT analysis of PVC backing replacement
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It can be concluded that the PVC application system may be modified such that a 
different material can be used. However, this material would need to offer similar 
properties to PVC both in processing and use. These would be processing times, 
residence times, viscosity at application and cost.
4.6 Conclusion
This chapter has introduced the PAF concept as a novel and innovative concept that 
is worthy of consideration. This concept would fit with InterfaceFLOR’s 
requirement to lead the flooring market through innovation. The PAF concept 
would also complement a future portfolio of flooring products that could be 
sustainable and be compatible with ‘Mission Zero’. However, it has also been 
noted that the solution to this concept is potentially available only in the distant 
future.
An investigation into the principle ELO-based resin material showed that the long 
drying time of the system at room temperature is the primary drawback. It was also 
seen that an attempt at reducing drying time through the addition of catalysts was 
successful. However, some of the catalysts used would not be compatible with the 
need to have sustainable materials. It is possible that other renewable catalysts are 
available that would perform in a similar way to those already tested. This would 
require further investigation. Other alternatives were then considered for this 
system.
It has been shown that other options for use of the ELO-based resin material within 
InterfaceFLOR are more viable than the PAF concept. These two concepts, 
renewable Interlock and backing system replacement, are worthy of consideration 
and therefore the ELO-based resin is worthy of further research. The investigation 
of the properties of this system is continued in the next chapter.
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Chapter 5 Biopolymer System
5.1 Introduction
InterfaceFLOR has declared that it will become a company that will eliminate any 
negative impact it has on the environment by the year 2020. There are a number of 
ways that this could be achieved, although it has become obvious through the 
course of this project that revolutionary concepts and innovative materials are 
required. One such material was the biopolymer system described in the previous 
chapter.
This chapter describes the manufacturing route for the epoxidised linseed oil (ELO) 
and cross-linker, in order that the material can be more fully understood. This 
description also includes a brief analysis of the potential reduction in 
environmental impacts to be had by the use of ELO in comparison to a 
petrochemical alternative.
It was shown that the biopolymer system that has been described may be used at 
InterfaceFLOR in other capacities. This chapter describes an investigation into this 
material in order to gain more knowledge of its properties and potential uses. The 
manufacture of the samples is first described and then the mechanical tests 
undertaken. This investigation takes the form of changing processing conditions on 
a laboratory scale and measuring the effect on mechanical properties of the 
biopolymer.
Since one of the options for this biopolymer is to be used as a flooring product, 
these tests could be used as an indicative test of performance under flooring 
conditions. Once the properties are known, the best and worst samples could be 
taken forward for flooring tests and compared to a standard.
5.2 Material and Methods
5.2.1 Epoxidised Linseed Oil
Linseed oil is derived from the seed of the flax plant, with the fibres of the plant 
also being used in a variety of ways. Parts of the plant are used to make fabric, 
paper, rope, dye, varnish, medicines and soap. The flax plant is self-pollinating and 
takes around 100 days to mature (Flax Council, 2005). An example of the whole 
plant is shown in figure 1 below.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 1. Flax plant (Biopro, 2007)
The raw oil is extracted from the seed of the plant via hydraulic pressure and is 
pale in colour (Encylopedia.com, 2005). It is then chemically epoxidised to form 
the ELO, with the result of several reactive epoxy rings. The ELO is shown 
schematically in figure 2.
Figure 2. Schematic o f epoxidised linseed oil
The epoxidisation process has environmental dis-benefits which will be briefly 
considered here. Dr Achim Diehlmann has conducted a life cycle approach analysis 
of this product in order to compare with petrochemical alternatives that are used as 
varnishes. This analysis included the consideration of fertilisers during the crop- 
growing phase and national transport.
Figure 3 below shows the cumulative energy expenditure (CEE), in GJ per tonne of 
ELO during the manufacturing phase. The comparison between centralised 
processing and a scenario where processing is more scattered, is shown. Figure 4 
also shows the comparative CO2 equivalent emissions for each phase of the 
process. Figures 5 and 6 show the overall comparison of energy and CO2 impacts 
with the petrochemical alternative.
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ScatteredPreperation Fertiliser Oil extraction Ep oxidisation Central
Figure 3. Life cycle analysis results for ELO showing energy consumed during 
manufacturing phase (Diehlmann et al, 2000)
450  ------
ScatteredPreperation Oil extraction Ep oxidisation Central
Figure 4. Life cycle analysis results for ELO showing C02 equivalent expended 
during manufacturing phase (Diehlmann et al, 2000)
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10000
Petrochemical ELO  (Central) ELO  (Scattered)
Figure 5. Life cycle analysis results fo r  ELO in comparison to petrochemical 
alternative showing energy expended during manufacturing phase (Diehlmann 
et al, 2000)
Petrochemical ELO (Central) ELO (Scattered)
Figure 6. Life cycle analysis results fo r  ELO in comparison to petrochemical 
alternative showing C02 equivalent expended during manufacturing phase 
(Diehlmann et al, 2000)
These analyses show that ELO can compare favourably to a petrochemical 
alternative as a varnish. However, a more detailed analysis would be required in 
order to confirm this for a particular flooring product, once the attributes of this 
product are known. ELO will be considered for the next part of this analysis.
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ELO is available commercially from a number of outlets and was obtained as 
Lankroflex L from PolyOne Polymer Coating Systems for this investigation.
5.2.2 Cross-linker
The cross-linking of the ELO is achieved by the use of a liquid di-acid to form a 
flexible polymer network. In order to function, the cross-linker must have at least 
two reactive groups, normally at opposite ends of the functional unit. If there were 
a single reactive group, the polymerisation would not be able to proliferate and 
long chains would not form. In the case of the cross-linker chosen, these reactive 
groups are acid groups that react with the epoxy groups on the ELO chain.
The cross-linker has been chosen as it was suggested by A and F as one that would 
likely react at room temperature, one of the requirements for the PAF concept. 
There are other cross-liners that are available and have been described in the 
literature (section 4.2). These may also be worthy of further investigation when 
considering a system that cures at elevated temperature. This could be considered 
as part of the further work for this concept, which would require the input of a 
chemical specialist.
This cross-linker is not commercially available and must be produced on a 
laboratory scale, which is briefly described here. Heating a di-ether in the presence 
of maleic anhydride will produce the di-acid, shown schematically in figure 7.
Figure 7. Di-acid formed by heating di-ether in the presence of maleic anhydride
The di-ether used is dipropylene glycol which is a clear, odourless liquid at room 
temperature with a boiling point of 229- 232 °C (Fisher, 2007). Maleic anhydride is 
a white, pungent solid with a tendency to sublime at room temperature. It is most 
commonly produced in the form of white flakes or blocks that melt at 52- 55 °C 
(Fisher, 2007).
The constituents are mixed and held in a sealed, round-bottom flask with a nitrogen 
atmosphere. They are then heated to around 95 °C (± 5 °C) and held at this 
temperature for around 3 hours. This has been determined by A and F as it is 
effective for full reaction. The photograph below shows the mixture as the reaction 
occurs.
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Figure 8. Di-acid being produced on a laboratory scale
The cross-linker is then produced as a liquid and can be stored until required. The 
samples are produced by mixing the cross-linker with the ELO and this is described 
in the next section.
5.3 Method of Sample Manufacture
In order to produce solid samples of known size for the mechanical tests, the two 
liquid components needed to be mixed together to form a specific volume of 
material. This would usually require around 500 ml of liquid to produce sufficient 
samples for the screening programme of tests.
The ELO and cross-linker were mixed thoroughly using a magnetic stirrer at 3000 
rpm for 2 minutes. This speed and time were chosen as it has previously been 
shown to provide an effective mix (Koelewijn, 2005). This speed and time were 
also used in further trial experiments in which a vegetable dye was added and 
visual inspection suggested that the dye was distributed evenly after 2 minutes of 
stirring.
Previous experiments had shown that the system would be cured fully after a cure 
cycle of 150°C for 30 minutes (Koelewijn, 2005, Boquillon and Fringant, 2000). 
The mould to be used was pre-heated in an oven to 5°C above the desired 
temperature. The elevated temperature was required as there is a temperature fall 
when the oven door is opened. The mould was removed, the liquid poured into the 
mould and then replaced in the oven. However, immediately upon returning the 
mould to the oven, the temperature was reset to the desired value with a variance of 
±1 °C, in line with typical processing controls on an industrial scale.
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After the required amount of time, the mould was removed from the oven and the 
sample was removed. It is placed on a wire rack in order to allow full air 
circulation at room temperature.
There are no British Standards that describe the post-cure conditioning required for 
this particular system. However, there are examples within the standards for other 
plastics and these are used here. Plastics that have undergone cure often need to 
come to equilibrium, which is achieved through conditioning. In the present study 
samples were left at room temperature for 72 hours. This ensured that any resilient 
processes have completed in accordance with BS EN ISO 1798:1999.
For each set of samples, at least six specimens were produced- this is to ensure that 
there were at least five samples that are suitable for testing, as specified in BS 
2846-2:1981 ISO 2602-1980.
Batches of samples were manufactured with a view to assessing the process 
variables indicated below
• Molar ratio of components when cured at 150 °C for 30 minutes
• Cure times at a molar ratio of 2.5:1 (Cross-linker: ELO) when cured at 180 
°C
• Cure temperatures at a 2.5:1 molar ratio (Cross-linker: ELO)when cured for 
30 minutes
The 2.5:1 molar ratio was kept constant during the cure time and temperature 
parametric studies since simple stoichiometric considerations suggested that this 
ratio should give near-full cross-linking, although complete cross-linking would 
not be expected in practice because the mix hardens as cross-linking progresses and 
the mobility of the molecules decreases rapidly.
180°C is the temperature at which carpet backing systems are processed currently 
in order to cure the PVC applied. Therefore this temperature was used for 
comparison purposes and to assess the feasibility of substitution.
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5.4 Tensile Test
5.4.1 Test Method
Tensile tests are often used in the materials industry to give an indication of 
properties in service. During use, materials may be subjected to a number of 
loading regimes, e.g. short and long term, including fatigue and creep and dynamic 
impacts. These will affect the ability of that material to withstand further loading. 
Tensile tests are designed to replicate some of the extreme conditions and therefore 
give an indication of what will occur in practice. These individual tests do not 
require a large amount of material, although it is important that a number of tests 
are conducted to verify significance.
Tensile tests were used in this investigation in order to facilitate greater 
understanding of the biopolymer. It could be that these tests could be used as an 
indicator of the performance of the system as flooring. The suggestion correlation 
will be investigated in Chapter 6.
The larger sample that had been removed from the oven was then cut using a hand 
press and cutter specified by BS EN ISO 1798. The material was cut into a 
dumbbell shape (see figure 9). This shape was used to provide a region of well- 
defined gauge length, in which the stress can remain constant during testing, and to 
reduce the likelihood of premature fracture at the grips of the machine.
4 /
Figure 9. Dumbell used in tensile test
The cut samples were conditioned for 24 hours to ensure that the atmospheric 
effects were the same with each test. A controlled atmosphere is used for 
traditional flooring tests of 65 ± 5 % RH and 20 ± 1 °C. It therefore seemed 
prudent to use this conditioning for the samples in each case, as well as testing in 
this environment.
After conditioning and cleaning off any loose particles, the central portion of the 
dumbbell was measured across the width and thickness to + 0.1 mm. Three 
measurements were taken and the arithmetic mean value for the width and 
thickness calculated. Five samples were measured in turn and the results logged.
■ ■ ■ ■
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The gauge length was marked on the samples, approximately equidistant from the 
mid-point, not more than 50 mm ±lm m  apart (EN ISO 1798:1999).
The test specimens were then clamped in the Testometric Micro 350 calibrated by 
UKAS to ISO 5893 and BS EN ISO 7500-1:1999 to grade 0.5, taking care to align 
the longitudinal axis of the test specimen with the axis of the testing machine and 
to set the gauge length correctly. The samples were tested in accordance with BS 
EN ISO 527-1:1996 BS 2782-3: Method 321:1994 ISO 527-1:1993 in order to 
determine the tensile behaviour of the test specimens. The stiffness of the machine 
has been calculated by the manufacturers and is accounted for in the electronic 
calculation of the distance moved by the crosshead.
The test specimens were extended along its major longitudinal axis at a constant 
speed of 100 mm/min until fracture. Any fractures that occurred outside the gauge 
length, within 10 mm of the jaws or which were associated with an obvious defect 
were discarded.
The maximum force and elongation was measured electronically using the 
Testometric Micro 350 and a stress-strain graph could be derived, similar to the 
schematic in figure 10.
O
Limit of 
linear 
elasticity
Plastic range
Gradient = E
m a x
S
Figure 10. Schematic stress-strain curve
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From the graphs, the properties of ay  (yield stress) and emax (maximum strain) 
were then determined. The Young’s modulus of elasticity was calculated from the 
stress at a strain of 0.0005 and the stress at a strain of 0.0025 (i.e. a secant modulus 
between 0.05 and 0.25% strain in accordance with BS EN ISO 527-1:1996).
These calculations were completed for each of the samples and the arithmetic mean 
and standard deviation were found.
5.4.2 Results
The results from the tensile tests are shown in figures. 11 - 13. Figure 11 shows the 
effect of varying molar ratio at constant cure time and temperature, figure 12 shows 
the effect of varying time at a constant molar ratio and cure temperature and figure 
13 shows the effect of varying cure temperature at a constant molar ratio and cure 
time. The data points represent the average of at least five tensile tests and the 
extent of the error bars indicate plus and minus one standard deviation. The solid 
lines highlight the trends of the data.
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Figure 11. Mechanical properties measured as a result o f tensile tests on 
material cured at 150 °C for 30 minutes
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Figure 13. Mechanical properties measured as a result o f tensile tests on 
material with a 2.5:1 molar ratio (diacid'.ELO) cured for 30 minutes
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5.4.3 Discussion
5.4.3.1 Altering Molar Ratio
It is clear from the graphs in the previous section that varying the process 
parameters has a significant effect on the properties investigated (Young’s 
Modulus, strain to failure and peak stress).
With regard to molar ratio, theoretically at a molar ratio of 2.5:1 all the reactive 
groups have combined to create the strongest polymer. If there are a larger number 
of cross-links, there will be a larger amount of force required to break these links 
and destroy the polymer, therefore the polymer will be stronger. However, it can be 
seen that the nominal peak stress tends to increase and then decrease with a peak at 
a ratio of diacid: ELO of approximately 2:1. There is a similar trend observed for 
the Young’s Modulus with a peak occurring at a ratio of approximately 2:1 
followed by a sharp fall.
This peak can be explained if the mobility of the components is considered. In 
order for the reactive groups to combine, they must first meet. As the reaction 
occurs, a more viscous polymer begins to form. Viscosity can be a visual indicator 
of the peak of reactivity. As the viscosity increases, the mobility of the components 
decreases and therefore there is less likelihood that the reactive groups will meet 
and combine further. This can also be affected by steric hindrance where reactions 
are physically blocked from reaching reaction sites by other parts of the structure. 
There comes a finite point beyond which the mobility of the reactants is restricted 
and no further reactions can occur, despite an increase in cross-linker added to the 
system. At higher molar ratios, there will be excess diacid in the system. It is 
suggested that this will then act as a plasticiser and fill the gaps left by the cross- 
linking process. This is shown by the decrease in Young’s Modulus and peak stress 
beyond the 2:1 ratio.
The more diacid that there is available for cross-linking in the system, the greater 
the likelihood that an individual reaction will occur and therefore, the greater the 
amount of cross-linking there is that occurs. If there are more cross-links in one 
system than another, it will have a greater Young’s Modulus and strength. This is 
because there is more force required to stretch and break the higher density of 
bonds.
5.4.3.2 Altering Cure Time
Figure 12 shows that at 180 °C increasing the cure time has a dramatic effect on 
Young’s Modulus. There is a less obvious effect seen on the peak stress and strain 
to failure.
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As described above, mobility and curing is an issue as the two components are 
mobile in the liquid form and must meet for the reactive groups to combine to form 
a solid polymer. These areas of solid polymer forming in the two liquid 
components cause the liquid to be more viscous and therefore the remainder of the 
reactive groups are less mobile as reaction time continues.
Visual observation suggested that the material was solid after 5 minutes 
conditioning at 180°C. Beyond these five minutes it is argued that the reactants are 
not sufficiently mobile to create any new cross-links between independent 
molecules. Heat is continuously added to the system as it is held at elevated 
temperature. This heat energy may be used by the system in other ways, such as 
increasing the number of cross-links with neighbouring molecules and therefore 
increasing the stiffness and strength of the system.
The peak stress continues to increase gradually with cure time, whereas strain to 
failure remains relatively stable. It is theorised that this is because the strain will 
not increase any further with additional cross-linking.
It has already been shown that the peak stress and Young’s Modulus at 150 °C for 
30 minutes occurs at a 2:1 ratio. Therefore it is theorised that there is excess diacid 
in this system. With the heat energy input this excess diacid may react further with 
the ELO, although a lack of mobility may restrict these reactions.
There is a plateau in the Young’s Modulus and peak stress which occurs after 20 
minutes. It may be that beyond this time there are no further reactions that can 
occur as neighbouring molecules have reacted as fully as they are able. Therefore 
the stiffness and strength will not increase further.
5.4.3.3 Altering Cure Temperature
Figure 13 shows the effect of altering cure temperature on mechanical properties. It 
can be seen from this graph that there is little change in peak stress with an increase 
in temperature. There is also little change in the strain to failure. However,
Young’s Modulus falls slightly with an increase in temperature.
It was shown by the previous experiments that after 5 minutes at 180 °C the system 
had become solid. It is theorised that at these cure temperatures the systems would 
also have been cured at times much less than 30 minutes. The visual observation of 
the cure indicates that the reactants are no longer mobile and therefore cross-links 
between different molecules are unlikely. There may however, be further cross- 
linking between neighbouring molecules.
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At greater temperatures, with excess diacid, it is theorised that there are a greater 
number of reactions that become available, as the activation energy required is 
surpassed. If a greater number of reactions are possible, then the material will 
become more viscous more quickly and mobility of constituents will be lost.
Since not all the reactive groups on the ELO have equal activation characteristics, 
there are then more reactive groups available at greater temperature. The diacid that 
was previously in excess at these ratios may then react with newly available ELO 
groups and therefore create linkages which are not network forming which results 
in a less stiff structure. This would explain the slight drop in Young’s Modulus, 
with little effect on the peak stress.
5.5 Conclusion
It has been shown that altering processing parameters of this system can be 
effective in changing material properties. Strain increases with increasing molar 
ratio, whereas the Young’s Modulus and peak stress peak at the 2:1 molar ratio 
(Cross-linker :ELO). It has also been shown that increasing cure time will have a 
dramatic effect on Young’s Modulus, but less so on peak stress and strain to 
failure. Altering the cure temperature during a 30 minute cure time has little effect 
on the mechanical properties.
It can be concluded that the resin cures sufficiently at elevated temperature in a 
much shorter time than the 30 minutes originally predicted. This may be of value 
when considering other processing routes for this system.
It is still debatable whether a greater Young’s Modulus, peak stress or strain to 
failure would be more beneficial for a flooring product. It is anticipated that a 
combination of both would be preferable. This would only be confirmed by testing 
the samples using traditional flooring tests. The ‘best’ and ‘worst’ samples are now 
selected for flooring tests and the results described in Chapter 6.
The next chapter describes the next stage of this investigation where samples are 
used in both flooring tests and flooring trials, i.e. they are placed as a flooring 
product in-situ. The results will show whether this resin is appropriate for use in 
any of the routes suggested for this biopolymer at InterfaceFLOR.
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Chapter 6 Flooring Tests
6.1 Introduction
The previous chapter described the investigation of an ELO-based resin material 
that could potentially be used in a number of ways at InterfaceFLOR. This research 
focused on altering the processing conditions of the system and measuring the 
resulting change in mechanical properties. Although this investigation was useful 
for characterising the material and reducing the volume of material needed for each 
test, it did not directly determine the way in which this material would perform as a 
floor. This chapter aims to address this issue by comparing the results from 
mechanical testing with the performance of the ELO-based resin under flooring 
tests.
In order to determine the performance of this system as flooring, it must be tested 
using the standard industry methods. These standard tests were described in section
2.3, which require a full product to be made and a large volume of material (> 1 
m2). Tensile tests were used to compare the ‘best’ and ‘worst’ samples from the 
previous investigation and a known sample of resilient PVC flooring, Interlock. In 
Chapter 4 the possibility of replacing the PVC in Interlock was considered and 
therefore it is prudent to compare the results for this ELO-based resin against the 
existing material. The test methods used to assess wear are described in section 6.3 
and the results of these tests are shown in section 6.4.
The results from the investigation described in the previous chapter indicated that 
the ELO-based resin material was cured after 20 minutes at 180 °C. Since it is 
advantageous from both an economic and environmental perspective to have 
reduced time at temperature for processing, the samples were then cured at 150 °C 
for 20 minutes and the results compared to those from a 30 minute cure time. The 
results are described in section 6.5.
Filler is often added in large quantities to PVC in order to reduce cost and increase 
bulk. It was considered prudent to fill the ELO-based resin material in a similar 
manner and perform the same tests. Unfortunately it was not practical to perform 
tensile tests on the filled material since it contained large numbers of voids after 
manufacturing, but it was possible to carry out flooring tests to give an indication 
of performance to be expected in service. The results from the tests are described in 
section 6.6.
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The wear exhibited by the flooring is normally assessed visually. It was suggested 
that some colour change will occur during in-situ testing, due to increased amounts 
of soil or wear. An accelerated wear regime was conducted on selected samples 
using a standard flooring test. The change in colour during this regime was 
evaluated and the results are described in section 6.7.
In order to be viable as a flooring material, the system must also be resistant to 
staining and accidental spillage of materials. Tests to assess the resistance to 
staining and a hot metal nut are described in sections 6.8 and 6.9.
6.2 Materials and Sample Preparation
The samples for the regime of flooring tests were manufactured in a similar way to 
those required for the investigation described in the previous chapter. In order to 
form samples of a known size, the two liquid components (ELO and cross-linker) 
were mixed together to form a specific volume of material. A typical batch size 
was in the order of 1 litre, in order to produce sufficient material for each flooring 
test. The samples to be produced were approximately 30 cm x 15 cm for each 
flooring test and formed in a rectangular mould. As some tests, such as the stain 
resistance and flammability test, required a smaller sample size, the larger samples 
were simply cut to size.
If required, filler was added at this stage and mixed thoroughly. The filler chosen is 
from the same source as described in Chapter 3. Addition of filler was problematic 
as it increased the viscosity of the system considerably at room temperature. It was 
found that by increasing the temperature of the two components separately before 
mixing, viscosity could be greatly decreased and therefore a larger amount of filler 
could be incorporated. However, all previous experiments did not include this pre­
heating regime and the effects on the system were unknown. Since the effect of 
heating the individual components separately had not been investigated previously, 
this option was shelved. This is an avenue worthy of future consideration for future 
work.
The filler was added to the ELO and cross-linker at room temperature and a 
maximum saturation of approximately 50 wt% filler was achieved. The samples 
were tested with the addition of 25 wt% and 50 wt% filler. The 50 wt% filler was 
chosen since it was near the maximum saturation of filler that could be obtained at 
room temperature. The 25 wt% filler was chosen as an intermediate amount
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The mixed liquid components were transferred to a non-stick rectangular-shaped 
metallic mould that was able to hold the specified volume of material. The mould 
to be used was pre-heated in an oven to 5°C above the required temperature. The 
elevated temperature was required to compensate for the temperature fall when the 
oven door is opened. The mould was removed, the liquid mix poured into the 
mould and then replaced in the oven, after which the temperature was reset to the 
required value with a variance of ±1 °C, in line with typical processing controls on 
an industrial scale.
It was found from the previous investigation that samples were fully cured after 20 
minutes at elevated temperature. Therefore samples were manufactured that were 
cured for both 30 minutes and 20 minutes and compared, which is described in 
section 6.5. After the required cure time, the now-solid sample was removed from 
the mould and placed on a wire rack in order to cool at room temperature. This 
allowed full circulation of air around the sample.
There are no British Standards that describe the post-cure conditioning required for 
this particular system. However, in the previous study samples were left at room 
temperature for 72 hours, in accordance with BS EN ISO 1798:1999 and the same 
method was used for this investigation.
During the mixing regime, it was inevitable that air would be incorporated into the 
liquid sample. This could be minimised although not eliminated through careful 
mixing. The samples that did not include filler had a very low viscosity once the 
temperature had increased and therefore the air was able to escape from the mix. 
This was not the case with the filled samples that were considerably more viscous. 
Air could escape from the mix at the surface in contact with the air, but not at the 
surface in contact with the mould. This was observed from visual inspection of the 
sample. Therefore the two sides were assessed separately. The surface that was in 
contact with the air during the manufacturing phase is described as up (U) or face 
down (D).
Samples of Interlock were also used as comparison samples and were sourced from 
commercially available product.
The samples that were manufactured are described for each test, but are 
summarised as:
• 2:1 molar ratio, cured at 150 °C for 30 minutes
• 2:1 molar ratio, cured at 150 °C for 20 minutes
• 2:1 molar ratio, cured at 150 °C for 20 minutes with 25 wt% filler
• 2:1 molar ratio, cured at 150 °C for 20 minutes with 50 wt% filler
• 1:1 molar ratio, cured at 150 °C for 30 minutes
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• 1:1 molar ratio, cured at 150 °C for 20 minutes
• 1:1 molar ratio, cured at 150 °C for 20 minutes with 25 wt% filler
• 1:1 molar ratio, cured at 150 °C for 20 minutes with 50 wt% filler
• An Interlock tile that has been used as a stand-alone flooring product
The tests that were used on these samples are described in the next section.
6.3 Test Methods
6.3.1 Tensile Tests Undertaken on Samples Used in Flooring Tests for 
Comparison Purposes
The previous chapter described the investigation of the ELO-based resin material 
using mechanical tests. Tensile tests are often used to give an indication of 
performance to be expected in practice. This investigation showed that there was 
some correlation between processing parameters and resulting mechanical 
properties.
The tensile tests that were used in this part of the investigation are the same as 
those described in the previous chapter. The dumbbell-shaped samples were cut 
from the 30cm x 15cm sample to provide at least 5 samples. Any remaining 
material could be used for flammability testing. The results from the tensile tests 
were compared to some flooring tests.
6.3.2 Flooring Test Methods Used for Comparison Purposes
The tests that are commonly used in the flooring industry were described in section
2.3. Those used most often at InterfaceFLOR and hence the tests that were used for 
the present investigation are:
• Static loading (BS 4939:1987, ISO 3416-1986): A modified version of this 
standard is used whereby a pressure of 700 kPa is applied to the sample via 
a steel foot of radius 10 mm for a time of 1 hour. The resulting loss of 
thickness is measured. The load is then reapplied for 23 hours before the 
loss of thickness is again measured.
• Vetterman drum (BS ISO 10361:2000): A steel ball with rubber feet 
revolves inside a drum, designed to fatigue the sample that is lining the 
inside of the drum
• Lisson-Tretrad (BS EN 1963:1998): A method of abrasion resistance 
measurement where a series of rubber feet are loading and slipped on the 
sample, similar to the scuffing that might be expected from dragging shoes
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The static loading test results in a grading which relies on the expert judgement of 
experienced assessors through visual assessment, in addition to the depth change 
measured. The grading is divided into 5 “ratings” as are the other tests. A grading 
of 5 would mean that there were no remaining marks visible after the test had 
completed. A score of 3 or above indicates that the pass limit for heavy contract 
use has been achieved. A score of 1 would be very poor indicating that the sample 
had undergone a severe change during testing.
The Vetterman drum and Lisson Tretrad tests also result in a grading which relies 
on the expert judgment of experienced assessors through visual assessment. This 
grading is again divided into 5 “ratings”. 5 is the highest rating that can be given 
and indicates that the sample has performed very well and is visually unchanged as 
a result of the test. Again, a score of 3 or above would be the pass limit for heavy 
contract use for carpets.
The British Standards dictate that each wear test described above needs to be 
carried out on the samples only once and there will be deviation between test 
samples. Since the purpose of the tests is to assess samples against a known scale, 
similar results would be expected when repeating the tests with similar samples.
6.3.3 Use of Colour as an Indicator of Wear
When conducting flooring tests, as described above, visual assessment is normally 
used to assess changes in wear. Although this is a useful method, it was suggested 
that there may also be a change in colour of the samples with accumulation of 
wear. It was also suggested that measuring colour change may indicate 
accumulation of soil or further curing of samples with time. Measurement of colour 
change may be used in conjunction with visual assessment methods. In order to 
assess the change in colour of the samples, some method of measuring colour must 
first be established. Colour is considered to be a three-dimensional measurement, 
shown schematically below.
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Figure 6.1. The L* value is represented on the centre axis. The a* and b* axes 
appear on the horizontal plane (X-Rite, 2004)
The centre L* axis shows L = 0 (black or total absorption) at the bottom. At the 
centre of this plane is neutral or grey. The a* axis runs from left to right. A colour 
movement in the +a direction depicts a shift toward red, one in the -a  direction a 
shift towards green. Along the b* axis, +b movement represents a shift toward 
yellow and a -b  movement towards blue. Therefore, a colour that has a negative a* 
value and a zero b* value, with a high L* value will appear as a very light green. A 
more in-depth description of colour measurement theory can be found in the 42- 
Month report, which forms part of this portfolio.
At InterfaceFLOR, A Chroma Meter CR-210 was available as it is used to measure 
colour changes of production samples from trials. This was used to assess the 
colour of the samples. The meter uses a xenon arc lamp that produces a diffuse and 
even illumination across the surface of the sample via the use of a mixing chamber. 
Only light reflected perpendicular to the sample is collected and analysed (Minolta, 
1998). The equipment used is shown in the figure below.
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Figure 6.2. CR-210 optical system measuring head (Minolta, 1998)
A double-beam feedback mechanism measures both incident and reflected light 
through the use of six high-sensitivity silicon photocells.
The illumination is applied over a 50 mm diameter circular area with a 0° viewing 
angle. This wide diameter is particularly useful for measuring surfaces that contain 
a variety of colours since spot colour is then averaged. The results are then 
averaged and values for L*, a* and b* are calculated by the meter.
The total colour difference AE is also calculated using the L*, a* and b* colour co­
ordinates. The difference between the original colour measured and the current 
colour measured is calculated for the three co-ordinates. AE is defined by the 
equation below.
AE = V((AL*)2 + (Aa*)2 + (Ab*)2)
This calculation of AE gives one value for the difference in colour and this will be 
calculated for the trial described in section 6.7. A AE of greater than 1 is that which 
would be detected by the trained human eye (Colorspan, 2007).
Specular reflection can result from the use of this particular type of illumination 
although there are mechanisms in place to compensate for this (Minolta, 1998). 
Very glossy surfaces cannot be reliably measured using this system. The Chromo 
Meter is regularly calibrated using a calibration plate before use. It was seen 
visually that this calibration plate has an equally reflective surface as the glossiest 
sample. Therefore the effect of gloss may be discounted.
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Since the colour is already averaged over the surface, it is not necessary to 
undertake a number of measurements for each sample. However, a scouting trial 
was conducted whereby the same sample was repeatedly measured using this 
method. This showed that there was high consistency with results.
In order to verify that these colour measurements were an effective way of 
measuring wear, an accelerated wear test was performed. This is described in 
section 6.7.
6.4 Comparison of Tensile Tests with Flooring Tests
6.4.1 Introduction
It is suggested that these tests could be used as a screening mechanism for future 
materials to be used as flooring products, since it is predicted that mechanical 
properties are related to performance in service, although this relationship is not yet 
fully understood. It is also proposed that the properties determined from a sample 
test may highlight differences in material characteristics relevant to flooring 
performance, without requiring a large volume of material to undergo testing.
The purpose of this part of the investigation is to assess whether the tensile tests 
suggested as a proxy for the flooring tests are a suitable substitute. Therefore the 
‘best’ and ‘worst’ samples were identified from the previous investigation of 
mechanical properties and compared with a known product, PVC Interlock. The 
tensile test method used is the same as that described in section 5.4.
6.4.2 Tensile Test Results for Samples Used in Flooring Tests
The ‘best’ results determined from the previous investigation, were from a 2:1 
molar ratio, cured at 150°C for 30 minutes (now termed sample A) which had a 
Young’s Modulus of approximately 6 MPa and a peak stress of just less than 2 
MPa, although it did not have the highest strain to failure. The ‘worst’ results were 
from a 1:1 molar ratio, cured at 150°C for 30 minutes (now termed sample B) 
which had a low Young’s Modulus of under 3 MPa and peak stress of 0.5 MPa, 
with an associated low strain to failure of approximately 30 %.
The tensile results for samples A and B are plotted in figure 6.3, together with 
results for a sample C, which is a PVC Interlock tile. This sample was tested in the 
same manner as the other samples (section 5.4). In summary, the samples were:
• Sample A- 2:1 molar ratio, cured at 150°C for 30 minutes
• Sample B -1:1 molar ratio, cured at 150°C for 30 minutes
• Sample C- A PVC tile that has been used as a stand-alone flooring product
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Figure 6.3. Mechanical properties determined from tensile tests on samples also 
tested using traditional flooring tests
The tensile tests showed that Sample C, the PVC product, had a markedly higher 
Young’s Modulus, peak stress and peak strain than the other samples. Sample A 
had properties that were approximately twice those of sample B. Therefore it would 
be expected that sample C would outperform both the ELO system samples in the 
flooring tests. The next part of this investigation is to investigate whether this is the 
case. These tests are described in the next section.
6.4.3 Results of Flooring Tests for Samples Used in Tensile Tests
The results of the flooring tests on the samples used in the tensile tests are 
summarised in table 6.1. Here ‘structure’ and ‘shade’ are assessed separately. A 
change in structure would normally be indicated by a flattening of the carpet fibres. 
For these tests, it is the wearing away of surface material that is assessed. A change 
in shade is indicated by the sample becoming discoloured, either through soil or the 
wear of the surface allowing the core of the sample, which may be a different 
colour, to show through.
Test Type Measured Quality
A (2:1 
molar 
ratio)
B (1:1 
molar 
ratio)
C(PVC
tile)
Mass g/m2 10300 10000 7400
Thickness mm 9.9 10 6.9
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Static loading
Compression (mm) 0.2 0.5 0.4
Depth of marks after 1 hr (mm) 0 0 0.1
Visibility of marks (Grade) 5 5 5
Vetterman Drum 
(5000 revolutions) 
(Grade)
Structure 5 5 5
Shade 5 5 5
Overall change of appearance 5 5 5
Vetterman Drum 
(22,000 revolutions) 
(Grade)
Structure 4.5 3 5
Shade 4.5 3 5
Overall change of appearance 4.5 3 5
Lisson-Tretrad 
(400 cycles) 
(Grade)
Structure 5 3.5 5
Shade 5 3 5
Overall change of appearance 5 3.5 5
Table 6.1. Results of flooring tests
6.4.4 Discussion
The static loading test results were performed on similarly-sized material. These 
show that sample A performed slightly better than C, which in turn was 
considerably better than sample B. However, all samples received a grade 5 based 
on their performance.
All of the samples performed particularly well in the Vetterman Drum test after 
5,000 revolutions, achieving a grade 5. However, after a complete cycle of 22,000 
revolutions sample B was significantly poorer than the other samples. Sample A 
and C remained comparable with only a slight variation in performance.
After 400 cycles on the Lisson-Tretrad test samples A and C both achieved a top 
grading. Again, sample B achieved a slightly poorer rating of 3.5. However, even 
this grading could be acceptable in certain applications.
The tests showed that sample A and C would have been passed at a heavy contract 
rating- suitable for any number of applications in practice. The results from the 
flooring tests shown in table 6.1 can be compared with the tensile test results 
shown in figure 6.3. The tests show the comparison between two ELO-based resin 
materials cured at 150 °C for 30 minutes with different molar ratios (2:1 and 1:1, 
samples A and B respectively) and the PVC tile- sample C.
It was clearly seen that sample C had a much higher Young’s Modulus, peak stress 
and strain to failure than the ELO-based resin samples. Sample A, the 2:1 molar 
ratio, also had appreciably higher properties than sample B, the 1:1 molar ratio.
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It might therefore be predicted that sample C would perform significantly better in 
the flooring tests than the ELO-based resin material samples. However, it was seen 
that both sample A and C perform well, achieving a level 5 in a number of 
categories. Given that the mechanical properties were so dissimilar, with sample C 
performing exceptionally well, this result is surprising.
In the example of these particular tests it can be seen that sample A is fit for the 
purposes of these tests and would be passed as a level 4.5. Sample A is therefore 
adequate for the purposes of flooring. It is suggested that the performance of PVC 
in these tests far exceeds that required for the most demanding contract use since it 
achieved the highest grading in a number of tests.
The tensile tests have proved useful in identifying those samples that would 
perform better during the flooring tests. It is still debatable exactly which 
combination of Young’s Modulus, peak stress and strain to failure would be more 
beneficial for a flooring product. It is anticipated that a combination of all of these 
would be preferable and this has been validated by the preliminary flooring tests. 
The PVC flooring product was shown to have the highest results from the tensile 
tests and best results from the flooring tests. However, it may be that that the 
product has been over-specified for this use. Therefore the mechanical properties 
may also be above that required for a flooring.
The tensile tests from the previous chapter indicated that the samples would be 
cured at 20 minutes at 180 °C, less than the 30 minutes specified. If this were the 
case, then energy savings could ultimately be made as the sample would cure in 
less time at lower temperature. This was investigated and the results shown in the 
next section.
6.5 Effect of Reducing Cure Time on Mechanical Properties
6.5.1 Introduction
The samples that were identified as the ‘best’ and ‘worst’ ELO-based resin material 
samples were at the 2:1 and 1:1 molar ratio. The previous chapter also described 
the likelihood that the ELO-based resin material was cured at a lesser time of 20 
minutes and that any amount of cure above this time would be detrimental to 
mechanical properties. If the ELO-based resin material could be fully cured in a 
lesser time, the process of cure could be less energy-intensive and hence offer 
reduced environmental impacts.
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In order to confirm this, two samples were manufactured at these ratios and cured 
at 150 °C for 20 minutes. The samples were then subjected to tensile tests in the 
same manner as described before. The results are again compared to the PVC 
sample and described below.
6.5.2 Results
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Figure 6.4. Graph showing results o f tensile tests on ELO-based resin material at 
a 2:1 and 1:1 molar ratio cured at 20 minutes and 30 minutes
The graph above shows the results from the tensile tests on the ELO-based resin 
material. The standard deviation is again shown by the error bars. The samples are 
labelled where:
• Sample A is a 2:1 molar ratio, cured at 150 °C for 20 minutes
• Sample B is a 2:1 molar ratio, cured at 150 °C for 30 minutes
• Sample C is a 1:1 Molar ratio, cured at 150 °C for 20 minutes
• Sample D is a 1:1 Molar ratio, cured at 150 °C for 30 minutes
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6.5.3 Discussion
The graph shows that the results that were cured for 20 minutes had higher 
Young’s Modulus and peak stress than their counterparts cured for 30 minutes. 
These results indicate that adding heat beyond 20 minutes cure time may have a 
detrimental effect on the Young’s Modulus and peak stress, which was shown by 
the samples tested in the previous experiments in chapter 5.
The associated strains to failure are also changed by the processing of the ELO- 
based resin material. The 2:1 molar ratio has exhibited an increased strain to failure 
with increased cure time, whereas the 1:1 molar ratio exhibits a decreased strain to 
failure. The previous experiments in chapter 5 showed that there was little effect on 
strain to failure, within experimental boundaries.
It can be seen that there is a large spread of data with the results of strain to failure 
from the 2:1 ratio cured for 30 minutes. Therefore the results should be considered 
carefully, although they do seem to show an increase in strain with cure time.
This investigation has shown that some samples of ELO-based resin material that 
are cured at 150 °C for 20 minutes can have higher peak stress and Young’s 
Modulus than samples cured for 30 minutes. The purpose of this investigation was 
to assess if energy savings could be made by curing the ELO-based resin material 
for less time that originally predicted. It seems that 20 minutes is sufficient time for 
curing of the material at 150 °C
The effect of the mechanical properties on the flooring can again be assessed 
through the use of a complement of flooring tests. However, this is not necessary 
since the previous investigation has confirmed that changes in mechanical 
properties as a result of processing, will affect the flooring tests in a similar way.
The samples that will be taken forward for the next part of the investigation are 
those samples that have been cured for 20 minutes. In some cases the samples that 
have been cured for 30 minutes will also be used for comparison purposes.
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6.6 Assessing the Effect of Addition of Filler
6.6.1 Introduction
Samples of material were manufactured that included pre-consumer recycled filler. 
The manufacture of these samples was described in section 6.2. Since large 
amounts of voids are present in the filled ELO-based resin material, it is not 
practical to conduct tensile tests on the samples. However, some indication was 
required of performance to be expected in use before the samples were to be placed 
in-situ as a floor. Therefore the samples are subjected to 400 cycles of a Lisson- 
Tretrad test. The samples chosen were:
• 2:1 molar ratio, cured at 150 °C for 20 minutes with 25 wt% filler
• 2:1 molar ratio, cured at 150 °C for 20 minutes with 50 wt% filler
• 1:1 molar ratio, cured at 150 °C for 20 minutes with 25 wt% filler
• 1:1 molar ratio, cured at 150 °C for 20 minutes with 50 wt% filler
• 2:1 molar ratio, cured at 150 °C for 20 minutes with no filler (comparison)
• 1:1 molar ratio, cured at 150 °C for 20 minutes with no filler (comparison)
It was supposed that the samples may lose material during the wear cycle. One way 
of assessing this would be to assess the mass of material lost during the trial. 
Therefore the mass of the samples was measured before and after testing.
6.6.2 Results
The samples showed no appreciable loss of mass during the trial. The results are 
shown in the table below.
Molar
ratio
Filler
(wt%)
Surface Mass before trial 
(g)
Mass after trial 
(g)
2:1 0 125.65 125.69
2:1 25 U 113.93 113.93
2:1 25 D 104.90 104.87
2:1 50 U 121.35 121.34
2:1 50 D 139.03 138.99
1:1 0 101.25 101.24
1:1 25 U 135.32 135.32
1:1 25 D 138.41 138.42
1:1 50 U 109.25 109.28
1:1 50 D 112.21 112.20
Table 6.2. Results of mass lost during Lisson-Tretrad test
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The results from the Lisson-Tretrad are described in the next section. They are 
graded visually, divided into 5 “ratings”, where 5 is suitable for heavy contract use, 
4 is suitable for medium contract use, 3 is suitable for light contract use and 1-2 
are domestic ratings reserved for the home market. As defined in section 6.2 the 
surface that was in contact with the air during the manufacturing phase is described 
as up (U) or face down (D).
Molar
ratio
Filler
(wt%)
Surface Structure Shade Overall 
change in 
appearance
2:1 0 4.5 4.5 4.5
2:1 25 U 5.0 4.5 5.0
2:1 25 D 4.0 3.5 4.0
2:1 50 U 4.5 4.0 4.5
2:1 50 D 4.0 3.5 4.0
1:1 0 3.5 3.5 3.5
1:1 25 U 4.5 4.0 4.5
1:1 25 D 4.5 3.5 4.0
1:1 50 U 4.5 4.5 4.5
1:1 50 D 4.5 4.0 4.0
Table 6.3. Results of visual assessment of Lisson-Tretrad test 
6.6.3 Discussion
During this test, the samples were subjected to a particular type of wear that 
involved a ‘scuffing’ motion, designed to be similar to footfall. The surface of the 
samples remained smooth due to the combination of this action and the absence of 
any sharp instruments that may cause scratches. During this test, there appeared to 
be minimal loss of material from the surface of the samples.
The measurements of mass lost during the trial show that no appreciable amount of 
material was lost during this trial. The start and end weights are all within 0.05g of 
each other. Some samples appeared to have gained a small amount of mass and 
others lost this amount. Given that the samples were secured to the testing 
apparatus using double-sided tape, which could leave behind a small amount of 
residue, or removed a small amount of material upon separation, this could have 
reasonably explained this small effect. Therefore the measurement of mass lost has 
not added a great deal to this investigation.
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The results of visual assessment show that the U samples have performed better in 
this trial than the D samples. They still appear glossy after this trial and therefore 
have achieved better scores for overall appearance.
There is little difference that can be detected between the filled samples that would 
give an indication whether a greater or lesser amount of filler would be beneficial. 
However, it should be noted that the unfilled samples have performed slightly 
poorer in these tests. This could be attributed to the differences in colour between 
filled and unfilled samples as the light colour of the unfilled samples will 
exaggerate many flaws in the samples that occur as a result of testing.
It should be noted that the scores for the samples without filler differ only slightly 
to those given in section 6.4.3. The samples were tested and graded independently 
for this testing cycle and it can be seen that there is good agreement using this 
visual assessment grading method.
There are other methods that may be used to measure the change of appearance of a 
material over time. One method that could potentially be used is the measurement 
of colour change. This is described in the next section.
6.7 Effect of Wear on Colour Change
6.7.1 Introduction
The Lisson-Tretrad test described in the previous section is a useful indicator of 
wear. Normally the sample is assessed visually after 400 cycles and then this 
assessment may be repeated after 2,200 cycles. However, in order to observe a 
greater degree of accelerated wear, a larger number of cycles are required.
Therefore the samples are measured and photographed at the 400 cycle stage and 
then every 600 cycles until clear signs of accelerated wear are seen such as the 
removal of surface material on all the samples.
The samples that were tested in this regime were used in the previous section. They 
were both filled and unfilled to allow comparison since the filled samples were 
darker in colour. They were:
• 2:1 molar ratio (diacid:ELO), cured at 150 °C for 20 minutes (Sample A)
• 1:1 molar ratio, cured at 150°C for 20 minutes with 50 wt% filler, with 
surface exposed to air during manufacturing placed down (Sample B)
• 1:1 molar ratio, cured at 150°C for 20 minutes with 50 wt% filler, with 
surface exposed to air during manufacturing placed up (Sample C)
• 1:1 molar ratio, cured at 150°C for 20 minutes with 25 wt% filler,, with 
surface exposed to air during manufacturing placed down (Sample D)
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• 1:1 molar ratio, cured at 150°C for 20 minutes with 25 wt% filler, with 
surface exposed to air during manufacturing placed up (Sample E)
• 1:1 molar ratio, cured at 150 °C for 20 minutes (Sample F)
The samples are shown in figure 6.5.
  i t  ' j M M W A W A M I # * !  * » >
Figure 6.5. Lis son Tretrad test with samples o f the biopolymer system 
undergoing testing
The results from this test regime are given in the next section.
6.7.2 Results
After 8,200 cycles the samples were not destroyed, although there were clear 
indicators of wear and therefore the testing was suspended. This resulted in a set of 
14 results, which was considered sufficient. The results for L, a and b values were 
used to calculate the AL, Aa and Ab values from the unworn samples. These were 
in turn used to calculate a value for AE. The results are shown in figure 6.6 below.
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6.7.3 Discussion
If figure 6.6 is examined it can be seen that the samples all change colour during 
the course of the wear trial. The unfilled samples (A and F) appear to suffer the 
greatest colour change from the original sample colour. It could be seen visually 
that this was because the clear samples were accumulating dark soil from the dark- 
coloured filled samples. Since the samples are light in colour, this may also be 
expected in practice as soiling would be a darker colour.
It can be seen that the samples that were placed with the smoother side down (B 
and D) had the least colour change during this trial. It could be summarised that 
these samples did not have a top surface to wear away, to expose the bulk of the 
material. The surface that was already exposed was very similar in structure to the 
rest of the material. Therefore, when the sample was worn away, there would be a 
less dramatic colour change.
The samples that were placed with the smooth side exposed (that which was 
exposed to air during manufacturing and allowed the air bubbles to escape) were 
samples C and E. The samples seemed to have a large amount of colour change 
during the trial, although it appeared that this levelled off after a time. This would 
corroborate the theory that a large amount of colour change is due to the initial 
wear of the surface.
6.8 Stain Resistance
6.8.1 Introduction
Staining of floor coverings by spilt beverages is a common problem for flooring 
products in-situ and it is likely that the spillage may not be cleaned immediately. 
An assessment of staining by some common beverages is normally used by 
InterfaceFLOR using in-house tests developed for textile and other floor coverings. 
However, since the test method uses a large volume of liquid, the test method was 
modified for this investigation.
6.8.2 Test Method
At InterfaceFLOR solutions of coffee and a proprietary blackcurrant juice are 
normally used to provide staining solutions. They are chosen as they have been 
shown to provide the most staining; coffee has disperse dye characteristics, whilst 
the blackcurrant has acid dye characteristics. Past testing regimes have identified 
the brands that provide the most staining.
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For the standard InterfaceFLOR tests 22.5 g of coffee is measured into a flask and 
then mixed with 100 ml of tap water which is hot to the touch. 10 ml of 
blackcurrant juice is also mixed with 90ml of water, to provide a 100ml staining 
solution (Mantle, 2007). A spot of each stain is placed on the sample shown 
schematically by the diagram below.
Blackcurrant stain
i
i
Stains left for comparison purposes !
i
Figure 6.7. Schematic diagram o f application o f blackcurrant and coffee stain 
for stain resistance tests
ant stain
■' & y'lK
I iStain washed , , Stain washed
i Stains left for comparison purposes i
i i
Figure 6.8. Schematic diagram o f stain resistance tests, showing staining liquid 
removed by hot water
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When the coffee and blackcurrant mixtures are applied to the carpet tile face they 
are absorbed by the fibres on the face. The stains are then left at room temperature 
until they are dry to the touch, normally after a period of 48 hours. After this 
period, half the stains are removed using distilled hot water until the water runs 
clear. The two stains are then compared using a grey-scale and graded by fully 
trained assessors from 1-5, where 5 is the best performing.
The filled samples were darker in colour than the transparent unfilled samples. 
Although filler was not expected to have a major influence on stain absorption, the 
effect of colour would be significant. A sample of filled ELO-based resin material 
was therefore compared to a sample of unfilled material.
Since the ELO-based resin material to be tested has a smooth surface, it is unlikely 
that the material will absorb the stain mixtures to the same degree as carpet tile. 
Therefore a smaller volume of stain mixture was used, at 10 ml. In order to make 
the staining tests comparable, the staining mixtures used were more concentrated. 
Therefore 22.5 g of granulated coffee was mixed with 10 ml of hot water and the 
blackcurrant was used in concentrated form
Since the stains were not fully dry after the specified 48 hours, they were left for a 
further 3 days before the results were assessed.
6.8.3 Results
The samples were photographed and shown in figures 9- 16 below.
Blackcurrant stain Coffee stain
Figure 6.9. Stains applied at beginning o f test on unfilled sample (blackcurrant 
on left, coffee on right)
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Blackcurrant stain Coffee stain
Figure 6.10. Stains after 5 days o f drying on unfilled sample
Figure 6.11. Close up o f blackcurrant stain after 5 days, showing stain on top 
surface o f unfilled sample
Figure 6.12. Close up o f coffee stain after 5 days, showing stain on top surface o f  
unfilled sample
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Stains left for comparison purposes j ^ta'n washec*
Blackcurrant stain Coffee stain
Stain washed
Figure 6.13. Stains on unfilled sample after application o f hot water to the 
outside edge
Blackcurrant stain Coffee stain
Figure 6.14. Stains applied at beginning o f test on filled sample (blackcurrant on 
left, coffee on right)
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Blackcurrant stain Coffee stain
Figure 6.15. Stains after 5 days o f drying on filled sample
Blackcurrant stain Coffee stain
Stain washed Stains left for comparison purposes ,i Stain washed
Figure 6.16. Stains on filled sample after application o f hot water to the outside 
edge
6.8.4 Discussion
For this particular type of flooring the staining solutions were not absorbed. It can 
be seen that they remain on the surface of the samples. The staining solutions 
become more concentrated as the water is evaporated. Hot water running over the 
samples results in the staining solutions dissolving back into solution and being 
removed from the samples readily.
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The results of the preliminary stain resistance tests are promising. The results 
indicate that the material does not readily absorb either of the dyes and they would 
receive a ‘best performance’ grading for this test, i.e. a score of 5.
The effect of filler was mostly to obscure the colour of the samples since it was a 
dark grey colour. This had the result that the samples appeared to perform better in 
this test, although both results were ‘best performance’.
Since the staining solutions were removed relatively easily via the use of flowing 
hot water, it could be inferred that removal of staining material on the surface of 
the system would be expected under normal cleaning regimes. Therefore this 
material could be expected to endure normal amounts of daily dirt in practice.
6.9 Flammability
6.9.1 Introduction
One of the most important characteristics to be considered for a floor is safety in 
use and one of the most stringent safety requirements in the construction industry is 
the flammability of a material (HSE, 2003). There are a number of British Standard 
tests that describe ways in which the flammability of a flooring material can be 
assessed. Load bearing elements can be assessed with BS EN 1365-2:2000. The 
burning effect on the flooring and consequential spread of flame caused by a 
radiant panel heat source is assessed using BS EN ISO 9239-1:2002. The effect of 
a small source of ignition can be measured using a test set out in BS 4790:1987 
(known as the hot metal nut test). The later is that most commonly used at 
InterfaceFLOR for quality assurance purposes and testing of new products and so 
will be used for this project.
The hot metal nut test was designed originally to simulate conditions that may be 
expected in use, in a similar way to the other flooring tests described. In this 
instance, the situation that is being simulated is the ejection of a hot coal from a fire 
onto the flooring.
Since the purpose of this investigation is to examine if the ELO-based resin 
material can replace other flooring material, it is prudent to compare the 
characteristics of the material with those that were obtained from the material to be 
replaced. Samples of biopolymer material were therefore manufactured, both with 
and without filler and tested using this method. The results were then compared to 
the results obtained from the Interlock tile and PVC backing material.
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6.9.2 Test Method
The sample is held in a ventilated test chamber via the use of a clamping ring. A 30 
g hot metal nut, as specified in BS 6105 is heated to a temperature of 900 ± 20 °C 
in a muffle furnace. The hot nut is placed on the surface of the sample within 3 
seconds of removal from the furnace using crucible tongs. The sample may flame 
or smoulder during this time as shown in the photograph below.
Figure 6.17. Hot metal nut test
The nut is then removed from the surface of the sample after a time of 30 ± 2 
seconds. The sample remains in the chamber until all effects of ignition have 
ceased. The radius of the circle that just contains the affected area on the use- 
surface is then measured.
The samples measured were similar to those used in previous experiments and 
were:
• ELO-based resin material with a 1:1 molar ratio, cured at 150 °C for 20 
minutes
• ELO-based resin material with a 1:1 molar ratio and 25 wt% filler, cured at 
150 °C for 20 minutes
• ELO-based resin material with a 1:1 molar ratio and 50 wt% filler, cured at 
150 °C for 20 minutes
• ELO-based resin material with a 2:1 molar ratio, cured at 150 °C for 20 
minutes
• ELO-based resin material with a 2:1 molar ratio and 25 wt% filler, cured at 
150 °C for 20 minutes
• ELO-based resin material with a 2:1 molar ratio and 50 wt% filler, cured at 
150 °C for 20 minutes
• PVC Interlock tile
• Back of PVC-backed carpet tile
The results are given below.
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6.9.3 Results
Table 6.4 below shows the measured radius of affected area measured using a steel 
ruler with an error of ± 0.5 mm.
Sample Filler (wt%) Radius of affected 
area (mm)
1:1 molar ratio 0 20
1:1 molar ratio 25 18
1:1 molar ratio 50 17
2:1 molar ratio 0 14
2:1 molar ratio 25 13
2:1 molar ratio 50 13
PVC Interlock tile 17
Back of PVC-backed carpet tile 18
Table 6.4. Results of hot metal nut test
6.9.4 Discussion
BS 5287: 1988 describes the way in which the results from the hot metal nut test 
should be assessed. If the radius of affected area is shown to be below 35 mm, the 
sample is defined to have a “low radius o f ignition when tested according to BS 
4790”. In each of the samples tested above, the radius of affected area was below 
35 mm. Therefore all samples tested would have a low radius of ignition, according 
to this test.
It should be noted that the effect of filler in these tests has been to reduce slightly 
the radius of affected area. This is to be expected since the filler is inert. The effect 
of a larger molar ratio of components, i.e. more cross-linker, also had the effect of 
reducing the radius of effect area. It is possible that this is because there is less 
residual oil in this mix, which may be in excess at the 1:1 molar ratio and is the 
most flammable component.
The PVC backing material contains filler, which would be considered inert. The 
backing also contains polypropylene and fibreglass. However, in practice it is the 
surface of the carpet tile that provides the flammability resistance since heat is 
normally applied from the surface of a flooring material and the backing is rarely 
affected by direct heat. In this experiment it can be seen that this sample passes the 
flammability test in a similar way as the comparison samples.
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The Interlock tile contains no filler, but is used as a flooring material and would 
also have passed flammability testing previously. Since the tile passes with a 
similar radius of affected area as the samples of ELO-resin material, this indicates 
that these samples may be expected to perform similarly well in other flammability 
tests.
The test results indicate that if any of the materials “are ignited from a small 
source, such as a lighted match or glowing coal, it will not spread flame under 
normal conditions in the absence o f supporting radiation. ” (BS 5287:1988)
This test is not definitive for examining the fire safety risk of a flooring material, 
although it could be indicative of results to be expected from other tests. Since the 
ELO-based resin material has not been identified as a fire safety hazard at this 
stage, it can be investigated further.
6.10 Conclusion
The flooring tests that have been undertaken on this new material are extensive.
The flooring tests have confirmed that which was predicted by the tensile tests. It is 
therefore suggested that these tests be used as a proxy for future flooring materials, 
in order to avoid the extensive flooring testing regime required for all combinations 
of processing parameters on the material.
The set of flooring tests have shown that the material manufactured from ELO and 
the cross-linker can pass a heavy contract rating. The ELO-based resin material is 
therefore fit for the purpose of providing a flooring surface, albeit at different 
ratings depending on processing parameters.
The accelerated wear tests described above were designed to gauge whether colour 
measurement would be a prudent way of measuring wear of a sample in-situ. It can 
be seen from the results that there are changes in the colour values with increased 
wear. The results of the colour measurement trial show that measuring colour can 
be an effective way of measuring soil or wear, although the relationship is not yet 
fully understood. Therefore this method will be used for the flooring trials and the 
results shown in the next chapter. Visual assessment and documentation are 
recommended in conjunction with this technique.
The flooring tests described in this chapter have given results that do not preclude 
flooring trails. Therefore the next stage of this investigation is to conduct full-scale 
flooring trials with this ELO-based resin material.
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Chapter 7 Flooring Trials
7.1 Introduction
When new flooring products are constructed, e.g. with new yam constructions, 
backing systems or surface material, they are comprehensively tested to ensure that 
they meet industry quality standards. This involves completing a full regime of 
flooring tests (described in Chapter 2). The tests, designed to simulate conditions to 
be expected in use, were used on the ELO-based resin and the PVC tile and 
described in the previous chapter.
In addition to the standard tests, a new flooring product is subjected to in-situ 
testing in a high traffic area. This is intended to verify the performance to be 
expected in practice, predicted by the flooring tests. This has been the established 
practice within the carpet industry and at InterfaceFLOR since the inception of the 
company.
An area of floor used to assess these flooring trials at InterfaceFLOR is shown in 
the photograph below. Here many different types of carpet tile are placed together, 
tested and assessed. The samples used are a standard tile which is 50 cm x 50 cm. 
They are left in-situ for a standard six month period, where they are subjected to 
regular foot traffic and are cleaned using a vacuum on a weekly basis. The samples 
are observed on a daily basis since they are situated near the laboratory, but 
assessed visually at the end of the trial for changes in appearance.
Figure 7.1. Flooring trial area
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A number of ELO-based resin samples were manufactured for testing in this trial 
area. The manufacturing process was the same as that described in the previous 
chapter. Greater detail of the sample size and manufacturing method is given in 
section 7.2.1. The samples were secured in place, surrounded by a material of 
similar height and characteristics.
Methods of non-pertubative, in-situ measurement were considered. Visual 
assessment is one method that is already used at InterfaceFLOR at the end of the 
trial period and in-line with the other tests used, this was used again. However, due 
to the rigour expected for this EngD project, it was decided that photography 
should be used to provide a permanent record of the changes in appearance of the 
material over time. A record of the samples using photography on a monthly basis 
was undertaken. Since most flooring material shows little variation over the period 
of 6 months, it was decided that a period of 1 month would be the minimum over 
which differences in the samples might be observed. This is described in section 
7.2.2.
It was not expected that there would be a change in mass or thickness of the 
samples that would be detectable over the trial period. However, to record this 
would entail removing the samples from the floor regularly and therefore risking 
damage to the samples during this removal process. Therefore this method was not 
used.
It was shown from the work in the previous chapter that colour measurement may 
be used to signify visual changes in appearance. This method does not entail any 
movement of the samples and may be performed in-situ. Therefore this method was 
chosen in addition to visual assessment.
It was predicted that the colour of the samples would vary with time as there may 
be damage to the material and colour change as the material ages. This was 
described in the previous chapter where it was shown that accelerated wear can 
result in a change in colour measured. The samples were subjected to the same 
regular foot-traffic and cleaning cycles on a daily basis as other flooring samples. 
Large particles of loose soil could be picked up by the vacuuming process, 
although some smaller soil particles could remain within the surface crevasses of 
the material. These could change the colour of the samples, in the same way as 
carpet retains soil over time. Signs of soil that can be seen visually include 
darkening or lightening of areas of the samples and prints resulting from traffic.
The results from visual inspection are shown in section 7.3 and discussed in section 
7.4. Section 7.5 describes the conclusions from this trial. The test method is 
described in the next section.
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7.2 Test Method
7.2.1 Introduction
The results from the flooring trial are intended to confirm the results that were 
predicted from the flooring tests, since the tests are designed to simulate that which 
would be expected in practice. Each flooring test is designed to simulate the effects 
of different types of wear. For example, the Lisson-Tretrad test simulated scuffing 
and the Vetterman drum tests simulated multiple impacts. It is possible that 
multiple types of wear will have some influences on the structure of the material 
that are different to that applied during the testing. Therefore in-situ testing is 
essential to the ELO-based resin material to verify its actual performance as a 
flooring material.
There were a large number of samples available from the tests described in the 
previous chapter. The ‘best’ and ‘worst’ unfilled samples that were used for the 
previous flooring trials were used for this trial. These two samples were chosen in 
order to provide the expected maximum difference in performance under wear 
conditions.
In Chapter 6 it was shown that samples were sufficiently cured after a period of 20 
minutes, so these were also used in the trial.
A number of samples were also manufactured that included the recycled filler 
material, (Chapter 3). Filler is normally added to PVC in order to increase bulk, 
whilst reducing cost. Filler was added to the samples at 25 wt% and 50 wt%, as in 
the previous chapter. It was added to the ‘best’ and ‘worst’ samples and again 
cured at 20 minutes.
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During the manufacturing process of the ELO-based resin material, one surface of 
the sample was in contact with the Teflon-coated metal container used to hold the 
sample, whilst the other surface was exposed to the air. When recycled filler was 
used in the samples there was invariably a small amount of air incorporated into the 
samples, due to the mixing of uncured components. Despite efforts to minimise this 
through careful mixing, some air remained. Also despite the addition of heat during 
the curing cycle with consequent slight reduction in viscosity of the system, there 
were some air bubbles that remained in the filled samples. They could leave the 
mixture at the surface of the sample in contact with the air, but they remained 
throughout the sample and at the surface in contact with the metal container. This 
was because the mixture remained too viscous for the bubbles to escape before the 
sample set. There is also the possibility that the surface of the metal container 
provides a source of nucleation for bubble formation that can arise as a result of the 
action of the acid on the filler, producing CO2. Therefore the two surfaces were 
compared with each side laid up separately during the trial.
The surfaces of the unfilled samples, cured at 20 minutes, were also compared 
separately, although they did not appear to be different through visual inspection. 
This is for completeness, in order to confirm the theory that the surface of the 
unfilled sample does not affect performance in-situ.
The samples were labelled in the following way:
00.00/1 ll/22m/AAf/Y
Where:
• 00.00 is the molar ratio of diacid to 1 mole of ELO
• 111 is the curing temperature in °C
• 22m is the curing time in minutes
• AAf indicates the mass of filler used (where none is used this will read 000, 
f is indicative of the type of filler used)
• Y indicates whether the surface of the sample in contact with the air during 
the manufacturing of the samples was laid up (U) or down (D)
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PVC samples were also included in the trial for comparison. The PVC Interlock tile 
was used as a standard in the flooring tests and the tensile tests as ‘best 
performance’ and therefore it was appropriate to use them again as a standard. The 
PVC backing system is also used as a comparison, although it has not been used as 
a stand-alone flooring product. This was for two reasons; firstly the ELO-based 
resin material has potential to be used as a backing material and should be 
compared against current product, secondly the PVC-backing was never intended 
to be used as a stand-alone flooring material since has provided the non-wear 
surface of carpet tile may be expected to perform differently in these trials to the 
other samples under test. These samples were placed in the trial area.
The samples needed to be secured to the floor in a way that would not interfere 
with the regular foot traffic. The samples needed to be held in place securely, such 
that they could not be lifted during normal use, whilst avoiding providing a trip 
hazard. It was therefore decided to glue the samples to the floor using a strong 
adhesive, typically used for securing linoleum and PVC material. An attempt was 
made to remove the samples at the end of the testing period.
The ELO-based resin samples needed to be set into a larger area of material, since 
the size of samples that could be manufactured using the manufacturing technique 
were limited. The surrounding material would also constrain the material under 
test. Linoleum was used as it is a resilient flooring, of similar thickness to the ELO- 
based resin material and readily available. Linoleum has also been shown to have 
properties of the same magnitude as the ELO-based resin material, with a Young’s 
Modulus and tensile strength in the single figures and a strain in double or triple 
digits (Biagiotti et al, 2004).
The thickness needed to be similar, within 1 or 2 mm, to avoid creating a trip 
hazard. It is possible that this slight variation in thickness would result in the 
leading edge of the sample receiving more wear, although this was not seen with 
visual assessment. The linoleum was provided in tiles, with slightly differing 
colours and used to surround the ELO-based resin samples. It was also glued to the 
floor with the adhesive.
The sample size was also chosen to have a diameter of 140 mm as this would be 
large enough to exhibit visual signs of differences in performance, provide a large 
enough size for colour measurement and is also sufficient relative to a typical shoe 
sole for the surrounding material not to influence the forces causing wear on the 
specimen. They were cut using a standard circular press and set in the linoleum 
surround.
The samples were placed in the same high traffic environment as other flooring 
products under test. The completed area is shown in figure 7.2.
175
Figure 7.2. Trial area o f samples o f ELO-based resin material, with PVC 
samples shown to the left
The diagram and photograph below shows the way in which the samples were laid 
out.
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Interlock
01.00/150/20M/000
01.00/150/20M/50F
01.00/150/30M/G0G 
02.00/150/20M/25F \  02.00/150/30M/000
01.00/150/20M/25F 02.00/150/20M/50F 02.00/150/20M/000
PVC tile back
Figure 7.3. Schematic o f trial area o f samples
Q.
Figure 7.4. Photograph o f trial area
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The samples were cleaned on a weekly basis, in the same manner as other flooring 
trials, using a standard vacuum cleaner. It was expected that there would be a 
change in visual appearance that could be detected by the human eye after the 6- 
month trial period. It was decided that this would not be sufficient for this project 
and therefore the samples were assessed on a monthly basis. This time period is 
chosen, as although there were not visual changes in appearance expected during 
this time period, there may have been recordable changes. Photography is one 
method that is used to capture change in visual appearance of the samples and this 
is described below.
7.2.2 Assessment Method
Photography is a useful tool in visual assessment. It ensures that a consistent record 
can be kept of any visual assessment made and is normal practice in the carpet 
industry to grade samples at the end of testing. For this project it is also useful to 
have some record of the visual changes throughout the trial and therefore 
photography was used.
On a monthly basis, photographs of the samples were taken. Each sample was 
individually photographed using a Kodak EasyShare DX 7630 and a Schneider- 
Kreuznach lense in close-up mode, without flash. Each picture was recorded using 
6 megapixels. The photographs were taken at an angle of approximately 70° to the 
horizontal, in order to reduce the specular reflection from ambient lighting on the 
sample, which may have in turn masked surface imperfection.
A complete photographic record of the 6-month trial is appended in the Appendix 
A.
After the trial period, the samples were also visually assessed by three professional 
flooring assessors along with the author of this report. Every assessor had 
undergone the same training that would allow them to assess the changes in the 
appearance of a carpet tile subjected to this type of trial. Two of the assessors (A 
and B) were experienced in this type of assessment and would conduct testing on a 
daily basis. The other assessors (C and D) were trained, but not well-experienced in 
this type of assessment and therefore the results for the experienced assessors and 
the in-experienced assessors are shown separately.
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The grading is based on the evaluation used for soft flooring, described in the 
previous chapter, with the standard three categories. It was decided that since this 
flooring has a smooth appearance an additional category of ‘surface scratches’ was 
required. Each sample was given a grading from 1-5, where 5 is the best to be 
expected from the flooring. Half marks were allowed. For carpet tiles there are 
standard test results that are held for comparison purposes. With this particular 
material, there are no such standards and therefore discretion is used along with the 
linoleum surround, useful as a material for comparison purposes. The categories 
used are:
• Shade- the amount of discolouration of the sample, assessed using a 
standard grey-scale
• Structure- the change in structure of the sample. A lower grade results if a 
large amount of material on the sample has been worn away
• Surface scratches- the appearance of the surface of the sample. A lower 
grade results if there are a number of scratches on the surface
• Overall- the overall appearance of the sample
It was not necessary to give a visual assessment and full grading of each of the 
samples on a monthly basis as they changed little visually within this time frame. 
As previously stated, the six-month period used was the standard used for this type 
of trial where visual changes can be expected.
Samples were also assessed using the colour measurement method, described in 
section 6.7, using a Chroma Meter CR-210. These results were already averaged 
over the sample area and therefore single results are recorded with no error bars 
available. The results for AE, the overall change in colour, were calculated and 
shown in the next section.
7.3 Results from flooring trials
Photographs 5-13 below show the samples at the beginning and end of the trial. 
Higher resolution photographs are appended in Appendix A, taken monthly. 
Samples that were filled are shown with the surface that was in contact with air 
during the manufacturing process at the top of the photograph. The samples were 
assessed on a monthly basis and visual assessment indicated that after the initial 
period of six months, there was very little change in appearance for most of the 
samples. Therefore the samples were left for a further two months, to project end.
Visual inspection indicated that the sides of the sample did not receive more wear 
than other areas. Some of the photographs show a small amount of shine reflected 
as a result of overhead light. Since at InterfaceFLOR the lights are motion-sensitive 
it was not possible to remove this for photography purposes.
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Figure 7.5. Photographs o f sample with 01.00/150/20m/50f before and after in- 
situ flooring trials
Figure 7.6. Photographs of sample 01.00/150/20m/25f before and after in-situ
flooring trials
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Figure 7.7. Photographs o f sample 02.00/150/20m/25f before and after in-situ 
flooring trials
Figure 7.8. Photographs o f sample 02.00/150/20m/50f before and after in-situ
flooring trials
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Figure 7.9. Photographs o f sample 01.00/150/30m/000 (bottom sample) and 
02.00/150/30m/000 (top sample), before and after in-situ flooring trials
Figure 7.10. Photographs of sample 01.00/150120ml000, before and after in-situ
flooring trials
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Figure 7.11. Photographs o f sample 02.00/150/20m/000, before and after in-situ 
flooring trials
Figure 7.12. Photographs of sample o f PVC flooring (Interlock), before and after
in-situ flooring trials
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Figure 7.13. Photographs o f sample o f PVC-backing o f carpet tile, before and 
after in-situ flooring trials
The final assessment of change in appearance, given by the experienced assessors, 
A and B, are shown in table 7.1 and 7.2. These are listed in the order in which they 
appear in the trial. The average results from the inexperienced but trained 
assessors, is given in table 7.3. The average of all the assessments, including the 
author of the trial and the assessor that conducts these tests on a less-regular basis, 
are show in table 7.4.
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Sample Number Shade Structure Surface
Scratches
Overall
Interlock 3.5 4.5 4.0 4.0
PVC Backing 2.5 3.5 2.5 3.0
01.00/150/20m/50f/D 4.0 2.5 4.0 3.0
01.00/150/20m/50f/U 4.0 4.5 4.0 4.0
01.00/150/20m/25f/D 4.0 3.5 3.0 3.5
01.00/150/20m/25 f/U 4.0 4.5 4.0 4.0
02.00/150/20m/25f/D 4.0 4.0 3.5 4.0
02.00/150/20m/25f/U 4.0 4.0 3.5 4.0
02.00/150/20m/50f/D 4.0 3.5 3.5 3.5
02.00/150/20m/50f/U 4.0 3.5 4.0 4.0
01.00/150/30m/000/U 4.0 4.5 4.0 4.0
02.00/150/30m/000/U 4.0 4.5 4.0 4.0
01.00/150/20m/000/D 4.5 4.0 3.5 4.0
01.00/150/20m/000/U 4.5 4.0 3.5 4.0
02.00/150/20m/000/D 2.5 2.5 4.0 3.0
02.00/150/20m/000/U 4.0 3.5 4.0 4.0
Table 7.1. Results o f visual assessment of samples by assessor A, where 1 is 
lowest and 5 is highest grade, half marks allowed
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Sample Number Shade Structure Surface
Scratches
Overall
Interlock 3.5 5.0 4.5 4.5
PVC Backing 2.5 4.0 2.0 2.5
01.00/150/20m/50f/D 5.0 3.0 4.0 3.5
01.00/150/20m/50f/U 4.5 4.5 4.0 4.0
01.00/150/20m/25f/D 4.0 3.0 3.5 3.0
01.00/150/20m/25f/U 4.5 5.0 5.0 5.0
02.00/150/20m/25f/D 4.0 3.5 3.0 3.5
02.00/150/20m/25f/U 4.5 4.0 4.0 4.0
02.00/150/20m/50f/D 3.5 3.0 3.5 3.0
02.00/150/20m/50f/U 4.5 4.0 4.5 4.0
01.00/150/30m/000/U 4.5 5.0 4.0 4.5
02.00/150/30m/000/U 4.5 4.0 3.5 4.0
01.00/150/20m/000/D 4.0 5.0 4.0 4.0
01.00/150/20m/000/U 4.0 4.0 4.0 4.0
02.00/150/20m/000/D 3.0 2.0 4.5 2.5
02.00/150/20m/000/U 3.5 4.0 4.0 3.5
Table 7.2. Results of visual assessment of samples by assessor B, where 1 is 
lowest and 5 is highest grade, half marks allowed
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Sample Number Shade Structure Surface
Scratches
Overall
Interlock 3.0 5.0 4.0 4.0
PVC Backing 3.0 3.0 3.0 3.0
01.00/150/20m/50f/D 4.0 4.5 4.0 4.0
01.00/150/20m/50f/U 5.0 5.5 4.5 4.5
01.00/150/20m/25f/D 4.5 4.5 4.5 4.5
01.00/150/20m/25f/U 5.0 5.0 5.0 5.0
02.00/150/20m/25f/D 4.0 4.5 4.0 4.0
02.00/150/20m/25f/U 5.0 5.0 4.5 4.5
02.00/150/20m/50f/D 4.5 4.5 4.5 4.5
02.00/150/20m/50f/U 4.5 5.0 5.0 4.5
01.00/150/30m/000/U 4.0 5.0 5.0 4.5
02.00/150/30m/000/U 4.0 4.5 4.5 4.0
01.00/150/20m/000/D 4.0 4.5 4.5 4.5
01.00/150/20m/000/U 4.0 4.5 4.0 4.0
02.00/150/20m/000/D 2.5 3.5 3.0 3.0
02.00/150/20m/000/U 3.5 4.0 3.0 3.5
Table 7.3. Results o f visual assessment of samples by assessors C and D, where 1 
is lowest and 5 is highest grade, half marks allowed
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Sample Number Shade Structure Surface
Scratches
Overall
Grading
Interlock 3.5 5.0 4.0 4.0
PVC Backing 3.0 3.5 2.5 3.0
01.00/150/20m/50f/D 4.0 3.5 4.0 3.5
01.00/150/20m/50f/U 4.5 4.5 4.0 4.5
01.00/150/20m/25f/D 4.0 4.0 4.0 4.0
01.00/150/20m/25f/U 4.5 5.0 4.5 4.5
02.00/150/20m/25f/D 4.0 4.0 3.5 4.0
02.00/150/20m/25f/U 4.5 4.5 4.0 4.5
02.00/150/20m/50f/D 4.0 4.0 4.0 4.0
02.00/150/20m/50f/U 4.5 4.5 4.5 4.5
01.00/150/30m/000/U 4.0 5.0 4.5 4.5
02.00/150/30m/000/U 4.0 4.5 4.0 4.0
01.00/150/20m/000/D 4.0 4.5 4.0 4.0
01.00/150/20m/000/U 4.0 4.0 4.0 4.0
02.00/150/20m/000/D 2.5 3.0 3.5 3.0
02.00/150/20m/000/U 3.5 4.0 3.5 3.5
Table 7.4. Results of average of all visual assessment o f samples, where 1 is 
lowest and 5 is highest grade, half marks allowed.
Measurements of colour were also taken on a monthly basis. The results are shown 
graphically below. It should be remembered that a value of AE, less than 1 is barely 
perceptible to the trained human eye and the casual viewer can typically 
differentiate between colours 5-6 AE apart (Colorspan, 2007). Each graph is shown 
on a scale of 0-8, for easier comparison, with the point measurement shown. Some 
of the results shown on the graphs appear clustered below a AE of 1, which is not 
significant for visual assessment purposes. The samples are labelled in the same 
manner as before.
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Figure 7.14. Graph showing change in E values o f filled samples, with the 
surface exposed to the air during manufacturing placed down, with time
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Figure 7.15. Graph showing change in E values o f filled samples, with the 
surface exposed to the air during manufacturing placed up, with time
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Figure 7.16. Graph showing change in E values o f unfilled samples, with 1:1 
molar ratio, with time
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Figure 7.17. Graph showing change in E values o f unfilled samples, with 2:1 
molar ratio, with time
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7.4 Discussion
7.4.1 Com parison of M ethods Used
There were three types of measurement used in this testing regime. The visual 
assessment method is used for standard testing, with the added category of ‘surface 
scratches’, deemed to be important to assess for this type of resilient flooring 
material. It is important to compare the results obtained from the different 
techniques before comparing samples within the trial, in order that the techniques 
may be validated.
At the end of the trial, the samples were given four grades based on appearance by 
two assessors who conduct this kind of grading on a daily basis. The individual 
results from these assessments are shown in table 7.1 and 7.2. These results show 
close correlation, with a maximum difference of 0.5 across all categories. This is 
hardly surprising since these assessors work together closely on grading carpet tile 
on a daily basis. It is worth noting that even with a new category of ‘surface 
scratches’ the experienced assessors can still agree on results.
The average results for the trained, but inexperienced assessors are given in table 
7.2. The results show close correlation with those from the experienced assessors. 
Although one set of results tended to be consistently higher than the other, they 
were still ranked in the same manner.
The average of the results from all four assessors is given in table 7.4. The results 
showed that the average of all results is similar to those from individual assessors. 
The ranking for each sample was the same, whether the assessor was experienced 
or not.
The results from this investigation show that visual assessment is a useful tool in 
evaluating flooring samples under test. A small amount of training is required in 
order to be able to rank flooring materials. Experience in visual assessment grading 
will produce more consistent results and therefore this should not be 
underestimated for future work.
Although the actual assessment results varied between assessors, there was general 
agreement in the ordering of the samples within each category. Therefore the 
average result shown can be useful in identifying the best and worst samples.
It was expected that the Interlock tile would be the best performing under this test 
regime. This is because the tile has already been sold commercially as a resilient 
flooring material and is known to perform well in use.
Figure 7.12 shows that although the tile has accumulated a degree of visible soiling 
during the trial, the structure of the sample remains intact. This is reflected in the 
visual assessment scores given for this sample. Table 7.1 and 7.2 show that the tile 
receives good scores from each assessor for structure, surface and overall (4.0- 
5.0), but is given a decreased mark for shade (3.5).
The visual assessments were in general agreement that this sample was the best for 
resistance to surface scratches and structure, with a grade of 4 overall. There were a 
number of other samples that received these grades and sample 
01.00/150/20m/25f/U received higher average scores for visual assessment, which 
was reflected in the colour change measurement. This is shown in figure 7.15 
where it can be seen that the AE for this group of samples does not reach the 
visually significant level.
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The sample that received one of the lowest grades overall was the PVC backing. 
Since this was not designed to be used as a stand-alone flooring material, this result 
is not unexpected. Figure 7.13 shows that the structure of the sample has been 
affected and this is reflected in the visual assessment results. There is a marked 
change in colour, giving a AE of over 6, which is within the visually identifiable 
range. Therefore the results for visual assessment and colour change measurement 
are in agreement.
The most significant result for colour change colour was not for the PVC backing, 
however. A result of almost 8 AE was found for the sample 02.00/150/20m/000/U. 
This sample also received an unusually poor overall grading at 3.0. The overall 
average was the same as the PVC backing, with slightly poorer result for shade and 
a better result for surface scratches.
It can be seen from figure 7.11 that there appears to be some residue on the surface 
of the sample. This could be as a result of the manufacturing process, although this 
is unclear. The defect on the surface appears to have retained residual soiling, 
which has caused the change in colour and the poor visual assessment results. 
However, the results are in agreement again that this is amongst the two worst 
samples.
It should be noted that with hindsight this sample should not have been placed on 
the floor due to this surface defect, which then disrupts the continuity of the results. 
However, the sample that was placed with this side down and the same defect 
(02.00/150/20m/000/D) provides meaningful results for comparison purposes with 
the other samples. This is because it was not expected that there would be a 
difference with the U and D samples. This will be discussed further in the next 
section. This result also indicates that a good manufacturing technique is essential 
for this material to perform.
It can clearly be seen from the figures 14-18 that in May there was a step-change in 
colour. This was investigated further and it was found that the floor in the 
laboratory, next door to the samples, was cleaned between the samples being 
measured in April and May. The photographic record of the samples shows that 
there was a large amount of soil that appeared between these two measurements, in 
the form of footprints, roller marks and drips. This step-change can therefore be 
accounted for with the addition of this soil. This is verified through the 
examination of the photographs of the samples in April and May, shown below.
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Figure 7.19. Section o f trial area photographed in April 2007
Figure 7.20. Section o f trial area photographed in May 2007
It has been noted that there was good overall agreement between the comparison 
techniques. Therefore the samples that were chosen for this trial will be examined.
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7.4.2 Comparison of Performance of Samples under Test
Visual inspection has been useful throughout the in-situ tests in identifying wear on 
the samples and subsequently the most likely source of damage. There has been a 
degree of soil that has been retained by the linoleum surround and PVC sample 
after vacuuming. Dark soil is also evident on the ELO-based resin material 
samples, although this is less obvious visually due to the dark colour of the filled 
samples. There is little visual evidence of scratches and scuffs on the surface of any 
of the materials after 8 months, although there is some evidence of material 
damage on the PVC-backing. This was to be expected since the material is not 
intended for use as a flooring surface.
Figure 7.14 shows the filled samples with the surface exposed to the air during 
manufacturing placed down (D) and figure 7.15 shows these samples cut from the 
same test piece with this surface uppermost (U). In contrast to the measurements 
from the flooring tests in the previous chapter, it can be seen that the U samples are 
exhibiting much less colour change. This is confirmed by the visual assessment as 
they are the samples that received a better grading. It can be seen that the samples 
are still glossy in appearance, indicating that the glossy surface has not been worn 
away to reveal the less glossy main body of the sample. Therefore this colour 
change is probably not due to wear, but soil accumulation. This is confirmed by 
viewing the photographs of the samples.
Figure 7.14 shows that there is little difference between the colour change 
measurements of the D samples. Again this is confirmed by the visual assessment 
method as each sample received an overall score of 3.5. This appears to indicate 
that the amount of filler added has not yet had a significant effect on performance 
during this type of test.
It can also be seen from figure 7.15 that the colour difference for the filled resin 
samples, U, does not rise much above a AE of 1. This implies that the colour 
difference between the start of the trial and the final results is barely discemable to 
the trained human eye. The results from visual assessment indicate that these 
samples were all closely matched on performance. The overall visual assessment 
results ranged from 4.0 to 5.0, indicating that this barely perceptible change has 
been noted by the trained human eyes used in this trial.
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Figure 7.16 shows the change in colour for the unfilled samples, manufactured with 
a 1:1 ratio. These data show that there is little difference between the U and D 
samples in this case, anticipated at the start of the trial. The sample that was cured 
at 30 minutes exhibits slightly less colour change than the other samples. This 
colour change is generally less that 1 AE away from the colour change of the 
samples cured for 20 minutes. Therefore this result is not yet significant, although 
this may change with increased trial time. This is confirmed by the results in table
7.1 and 7.2 which show that there is little difference between samples 
01.00/150/20m/000/U, 01.00/150/20m/D and 01.00/150/30m/U.
Figure 7.17 shows the difference in colour over time for the unfilled samples, 
manufactured with a 2:1 ratio. It can clearly be seen from the photograph in figure 
7.11 that the D sample, cured for 20 minutes has accumulated a greater amount of 
soil that the U sample. This was discussed in the previous section. If this 
information is taken in conjunction with the data in figure 7.16 it can be seen that 
there is little difference between the wear and soil accumulation of the D and U 
samples of the unfilled material. There is little difference in the AE values for 
samples 02.00/150/30m/U and 02.00/150/20m/U, which would again confirm that 
the reduced cure time has little effect.
The two PVC samples are shown in figure 7.18. It can be seen that the PVC 
backing material has the greatest colour change of all the well-manufactured 
samples (confirmed visually by figure 7.13). The sample has clearly worn. The 
Interlock tile received a poor grading for shade due to the large amount of soiling 
visible on the surface although the grading for structure was excellent. The PVC- 
backing in contrast has performed particularly poorly, with no grading above a 3.5. 
The Interlock tile has achieved one of the highest gradings and it is clearly fit-for- 
purpose.
At the end of the trial an attempt was made to remove the samples from the 
substrate. The samples had been anchored in-situ with a strong adhesive, in order 
that the samples would not move during the trial. As a consequence of the 
application of this adhesive the samples could not be removed from the substrate 
without extensive damage to them. However, visual inspection also indicated that 
there was little mass lost during the trial.
7.5 Conclusion
The results from visual assessment also show that this can be a useful tool in 
identifying the performance of material under tests. Experience in this field is 
advantageous, although not essential. The results from this investigation also show 
that visual assessment on its own as a tool is sufficient and that the colour 
measurement may not be required.
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The results from visual assessment have shown that there were a number of 
samples that achieved a similar grading to the sample of Interlock tile for structure, 
surface scratches and overall appearance, all factors which indicate wear. The 
colour change measurements have also shown that there were a number of samples 
that would not differ from their original colour by more than a trained human eye 
can assess.
The sample that was identified as the best performing during this trial was 
01.00/150/20m/25f/U. However, this was not significantly better than any of the 
other ELO-based resin samples and had slightly improved results in comparison to 
the Interlock tile. The ELO system is therefore fit for the purpose of providing a 
flooring surface, albeit at different ratings depending on processing parameters.
This trial was not sensitive enough to establish if the amount of filler in the samples 
was significant in affecting wear performance. A longer trial period would magnify 
differences in wear performance and therefore it is recommended that the trials are 
left for a longer period. It was established that good manufacturing technique is 
essential for performance. The samples are performing well in the flooring trials 
and they should be continued for long-term trials in order to establish if a 
difference can be detected over a greater length of time. This trial could be left in 
place for several years- for 5 or 10 years that resilient flooring may be expected to 
be in use before being replaced.
Whilst measuring colour may be a useful quantitative measure of the changes that 
can be seen happening over time, this has not yet been established. It is not yet 
clear how the relationship between soil, wear and colour can be measured. The 
colour change is a factor of both the soil accumulated and wear. This has been 
confirmed by comparison with the visual assessment techniques. The measurement 
of colour has been useful in establishing which of the samples have performed 
better or worse with the samples exhibiting a AE of less than 1 performing well in 
the visual assessments. It therefore seems prudent to use colour measurement in 
conjunction with the traditional visual assessment techniques.
The system has thus far been shown to be competitive for performance against a 
PVC tile when used as a flooring material. The complement of tests has shown that 
the material manufactured from ELO and the cross-linker can provide performance 
under these trial conditions that is comparative to a PVC tile.
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Chapter 8 Concluding Remarks and Further Work
S .l Introduction
The aim of this project was to explore sustainability within the flooring industry 
and in particular from the perspective of InterfaceFLOR, a company with a stated 
mission to become fully sustainable by 2020. This general aim has been met with 
specific outcomes that contribute incrementally to existing activities and more 
radically to the future portfolio of InterfaceFLOR.
The first objective of this EngD project was to develop the current InterfaceFLOR 
flooring product so that it could be manufactured in a more sustainable way. It 
seemed sensible at this time to evaluate the need that was being fulfilled by this 
product and therefore the requirements of a flooring consumer were evaluated. This 
enables understanding of how the current products in the market satisfy these 
requirements. This has resulted in a diverse range of flooring materials being 
produced that fulfil these demands in different ways. Further, it has been shown 
that revolutionary concepts, considered as part of this project, may be accepted by 
consumers. Following the analysis of the market research this has enabled a brief 
evaluation of the sustainability credentials of these products and an analysis how 
the manufacturing techniques and materials used in these products may be 
transferred to other products to increase their sustainability credentials
This project was set to improve the current manufacturing process. This involved 
developing an understanding of the anecdotal evidence provided by the line 
operators and comparing the results to those obtained through scientific evidence.
It was concluded that although this kind of ‘soft’ evidence can be useful in guiding 
the direction of work, ‘hard’ evidence such as observation and measurement are 
always required and should be gathered with independence and non-bias.
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Evaluation of current carpet tile processing was undertaken. The analysis identified 
faults with the existing process and suitable modifications enabled the process to be 
improved. The project has facilitated the reduction of environmental impact of the 
current InterfaceFLOR product via the use of recycled material, whilst retaining 
performance. This has the result that over 8,000 tonnes of material per annum 
could be diverted from landfill. There are issues with the delivery and availability 
of recycled material and it may have to be mixed with virgin content in order to 
achieve the quantity desired. However, the recycled filler will be launched 
commercially in the autumn of 2007 and communicated externally to customers 
shortly after with a guarantee of 33 to 50 wt% recycled content in all product. At 
current production rates this is over 5,000 tonnes of material per annum being 
diverted from landfill.
During the course of this project, the drive at InterfaceFLOR shifted so that 
innovative concepts could be initiated and investigated. This was largely due to the 
appointment of an Innovations Director, the establishment of the Innovations 
Workshops, the creation of the Innovations Network and the establishment of the 
Innovations Pipeline. This in turn, moved the impetus for this EngD project from 
incremental progress within the company to investigation of revolutionary concepts 
through partnerships. It is obvious that many of the concepts would have remained 
abstract ideas were it not for this network of experts and the drive and support from 
within the company.
The results of the workshops and the network are described and InterfaceFLOR 
now has a different perspective on innovation. The group of innovators- both 
internal and external will validate the concepts held in the pipeline. InterfaceFLOR 
has learned through this process that it is not possible to undertake innovation 
alone. From the experience of this project, it is clear that freedom of expression, 
external influence, partnership ownership, responsibility are all required for 
sustainable innovation to succeed. InterfaceFLOR has also learned through this 
process that in order for innovation to succeed, it can be less ‘successful’ in the 
terms that business is usually measured- return on investment, process 
improvement, efficiency etc.
As a result of the freedom allowed by InterfaceFLOR, innovative flooring concepts 
have been created and investigated as part of this project. This has highlighted the 
need for a variety of products to move towards the overall sustainability objective.
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Although flooring cannot be categorised without the traditional flooring tests, this 
project has identified some tests that may be used as a proxy. These tests may be 
used for similar systems to that investigated. Oils that have similar chain lengths 
(linseed and soy bean) could be used with similarly sized cross-linkers to that used 
in this investigation. Longer-chained oils or cross-linkers would have the result of a 
larger, more open polymer network which would increase flexibility. The 
relationship between properties and performance of a floor would then be less 
certain. Similarly, smaller-chained cross-linkers and oils would result in a closer 
polymer network and there could be less certainty about the results of flooring 
tests.
The use of proxy tests has the result that large volumes of material are not required 
for the tests. Therefore, a larger number of single-material samples can be 
investigated that have been subjected to different processing regimes and the 
effects evaluated with greater efficiency.
Included as Appendix B is a copy of the paper to be published in the peer-reviewed 
journal “Industrial Crops and Products”, published by Elsevier. It contains key 
conclusions from the most recent work carried out as part of this Engineering 
Doctorate. It is titled “An investigation of epoxidised linseed oil as an alternative to 
PVC in flooring applications”.
The resin material was investigated as a flooring product and it was compared to 
current product. The combination of assessment techniques have similar results and 
this allows increased confidence in the current visual assessment methods, where it 
is shown that a combination of experience and training is advantageous. The results 
from these tests have shown that the resin material could perform well both under 
flooring tests and flooring trials. This material can pass these tests with a similar 
rating to the PVC Interlock tile. This investigation shows that this novel resin 
material can be fit for the purpose of providing a flooring material.
The material has also been considered as part of the backing system for a carpet 
tile. This investigation is continuing at InterfaceFLOR. This project has ultimately 
shown that providing a floor can be done in an environmentally considerate way.
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8.2 Further Work
As a result of the processing recommendations made and the completion of the 
investigation of alternative filler, described in this thesis, InterfaceFLOR has 
invested heavily in machinery that will enable the recycled filler to be used. This 
includes investment in a sieving system that will remove particles that are above 
300 pm from the filler. These particles will then be reduced in size using the new 
grinding mechanism and returned to the mix. This investment in and installation of 
machinery has already taken place at Shelf Mills and is under consideration for the 
other European InterfaceFLOR manufacturing site.
It would be prudent to investigate the cure of the ELO chemically in order to 
understand the mechanism more fully. This would facilitate the investigation of the 
cross-linker and the use of catalysts. Investigation of the rheology of the system 
would also enable greater understanding of the effect of processing parameters on 
the system. This could take the form of Dynamic Mechanical Rheological Testing 
(DMRT). For thermosetting polymers, DMRT can measure the rheological changes 
occurring during the curing reaction as the resin transforms from a low melting 
solid to a low viscosity liquid, then through the gel point without disrupting the gel 
structure, and finally to a highly crosslinked, stiff solid.
The ELO-based resin material was originally intended for use as the PAF concept. 
The major drawback of the material for this concept was the length of time taken to 
cure at room temperature. Although some catalysts were initially investigated, and 
were able to reduce cure time, they were not pursued as the cure time of the system 
was still excessive. There may be other catalysts that able to cure the system in a 
faster time, which require further research and investigation. The catalysts used for 
this concept should preferably be from renewable sources. This research is 
continuing, sponsored by InterfaceFLOR, at York University by members of the 
Green Chemistry Network.
Although the ELO-based resin has not been investigated as fully as possible, other 
possible cross-linking agents could also be investigated, such as succinic diacids 
and anhydrides. Some are becoming available from renewable sources and others 
may be possible with a significant sustainable content. However, the cross-linker 
requires only two reactive groups on the molecule that will combine with the 
epoxide groups on the ELO. Further, other epoxidised vegetable oils need to be 
evaluated. InterfaceFLOR is in the process of recruiting another Engineering 
Doctorate research engineer to investigate these options.
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It has been shown that heating the separate components of the material before 
mixing can decrease viscosity of the system. This would be particularly useful 
when moving to processing on a larger scale. However, the effect of this heating is 
unknown and therefore requires further investigation. This investigation would also 
consider the incorporation of greater amounts of filler and the effect of different 
types of filler.
It is still debatable whether a greater Young’s Modulus, peak stress or strain to 
failure would be more beneficial for a flooring product and this should be 
investigated further. This would further validate the use of tensile tests as a proxy 
test for the regime of flooring tests.
When the material is subjected to wear there is a change in colour measurement 
that can be seen with time. It is not clear whether this result would be expected for 
all materials. However, this could be a useful measure for quantifying wear- 
particularly with InterfaceFLOR’s current product, the carpet tile.
Some carpet tiles are manufactured with white yam and then dyed after 
construction. This results in a product that has a coloured surface and a white core. 
This colour difference after wear testing is currently measured using visual 
assessment methods and a grey scale where quarter grades are often considered. It 
is suggested that the colour change due to this wear may be more readily 
identifiable using the colour change measurement method described in this thesis. 
This would enable different yam and print processing techniques to be compared 
more easily.
The work conducted in this EngD project has produced a novel flooring solution 
that can fulfil consumer requirements as well as enabling InterfaceFLOR to 
incrementally improve current product. This work has since been presented to a 
number of InterfaceFLOR Directors in a series of seminars. As a result of these 
discussions it was decided to present this work to the InterfaceFLOR Global 
Backing Group for consideration, along with proof-of-principle prototypes. It was 
decided that this material had greatest potential as a backing system replacement.
Using the processing parameters defined in this report, an investigation is ongoing 
to determine the investment required for a new backing line that would incorporate 
this material. The results of the exploration of the effect of pre-heating the 
components would be of use to this investigation.
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The cost of the material has also been considered and has been investigated with 
potential suppliers. If all the PVC backing material in the UK is replaced with the 
ELO-resin material, there are large volumes of material required. Production of the 
cross-linker and ELO in these types of volumes would enable a competitively 
priced product to be produced. Since the commencement of this project, the price 
of PVC has been increasing and this has in turn led to this material becoming more 
of an attractive prospect (Mantle, 2007).
It is also essential to establish what will happen with the material at end-of-life. It 
was suggested that this material would potentially be biodegradable. However, this 
has not been extensively proven and is still under investigation. The other potential 
options at end-of-life for this material may be chemical or mechanical recycling, 
although this may prove difficult for this type of material. The full life cycle 
analysis of the final product would have to consider these options.
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5. 0100/150/20M/25FD
Figure A.5.1. Upon first installation
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Preface
This volume of the portfolio contains the 6-monthly reports compiled as part of this 
EngD project. The reader’s attention is drawn to the statement made in the 
Executive Summary:
“It is suggested that it is unnecessary that the reader will need to read the reports 
in full detail in order to understand the research aims and objectives. The research 
findings and necessary accompanying detail are all contained in volume one. ”
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Dianne Carter
6-Month Report
01.10.03 -  01.04.04
“Towards Sustainable Design and Manufacture of 
Textile Flooring Products”
Abstract
“The EngD research project will be to develop innovative materials and flooring to 
migrate the textile flooring products towards the company’s vision of 
sustainability. This will involve a holistic consideration o f the supply chain from 
sourcing renewable raw materials, improving/re-engineering production 
processes, refurbishment, recycling, downcycling and disposal.
The initial project will be to undertake a feasibility study to investigate the 
technical/market opportunities open to the company including benchmarking 
against competitors in the flooring market. ”
This report describes the preliminary investigation into developing innovative 
flooring solutions. This project is based at Interface Europe, Shelf Mills, which 
currently manufactures carpet tiles. Its aim is to move flooring through the next 
paradigm shift to industrial ecology.
The initial part of the project is to examine the industry at present. The early 
literature review looks at current products in the market place and their perceived 
benefits and disadvantages. The current manufacturing methods are reviewed in 
order to fully understand the way in which the industry has developed.
The history o f Interface Europe is discussed in order to understand the driving 
force for change within the industry and the changes that are required. The 
structure of corporate Interface is also discussed in order to understand the author’s 
position and the way in which new products may be bought about and tested.
Material that is currently in use as flooring components is reviewed in conjunction 
with consideration o f possible natural alternatives. These will be discussed further 
in the yearly report as part of a fuller literature review.
A further part of this initial investigation focuses on some of the process problems 
exhibited by the current material and the problems associated with introducing a 
replacement backing filler for the tile. This investigation is ongoing and will 
continue through the next six-monthly report.
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Background
1.1 History
Historically the human race has set about developing itself by exploiting the Earth 
and taking no heed o f the finite resources available to it. Indeed, it probably never 
occurred to the industrial revolutionists like Brunei that one day we would be 
looking at a future where these resources are becoming evermore scarce and at a 
premium. It was simply a case where if these things were available, then they could 
be used.
It could be suggested that this was inherited from the early farming systems, where 
the land was plundered and yet it would always grow back- be it trees, plants or 
water. However, there was an inherent system of management associated with 
these traditional fields, e.g. coppicing, would ensure that these were always 
available for the next year. It seems that the human race cannot continue to rape the 
Earth and expect it to recover ad infinitum without some system o f overall 
management.
When it comes to animal and mineral management, the human race has an 
appalling track record. It can hunt animals that it knows to be on the edge to 
distinction and mine all it can from the Earth without a thought to how these things 
were formed over millions of years. Yet the industrial world takes just a few 
generations to ‘revolutionise’ itself and destroy that which was available in 
plentiful numbers. We have a ‘once in a billion year blow-out sale’ of 
hydrocarbons.
The first world steals from its neighbours and children as no heed is given to the 
concept o f inter and intra-generational equity; the idea that every person alive on 
this planet, and those who will come to be on this planet has an equal right to the 
planet’s resources. The first world tells its neighbours in the third world that they 
have no entitlement to develop in the way it has and does not share its 
technologies, when in fact it should be steering our innovation in that direction.
The first world should be teaching its neighbours and children what has been 
learned through past mistakes. David Oakey is a designer who perceptively 
comments on the changes that have taken place as we un-leamed what was known 
about nature (Oakey, 2004):
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“My first contact with the carpet industry was in a small town called 
Kidderminster, which specialized in carpet design and manufacture. My father 
often retrieved the waste wool from the carpet manufacturers there, to lay as 
fertilizer on his fields. The colours were blue, pink and purple —  it was the late 
1950’s-60’s, a fun and colourful time. Today, I realize that the designers and 
manufacturers made a terrible error.
A few years later, I noticed that there was no array o f colours in the fields and I 
asked my dad why he didn’t get the waste wool anymore. He explained to me that 
they had made changes to the carpet; ‘They added nylon to the wool and a 
chemical to kill the moths, so I can’t use it for fertilizer,’ he said.
Today, I realize that the designers and manufacturers made a terrible error. They 
neglected to think about how the changes they made to the 100% wool would 
affect the products after their use. As a designer o f interior products, I must 
constantly be concerned about product life cycles, i.e. what happens after the 
‘death’ of a product.”
In 1992 at the Rio Earth Summit the terminology of sustainable consumption 
entered the political discourse and the debate began to be expanded. There is a 
significant need to reduce greenhouse gas emissions by the domestic government 
target of 20% in order to reach climate change targets by 2010.
Corporate social responsibility is also being brought to the forefront and can be 
regarded as “a concept whereby companies integrate social and environmental 
concerns in their business operations and their interaction with their stakeholders 
on a voluntary basis” (European Commission, 2002).
There is therefore a developing need for corporations to be responsible for this 
paradigm shift that is required towards industrial ecology. “Humanity has the 
ability to make development sustainable- to ensure that it meets the needs of the 
present without compromising the ability of future generations to meet their own 
needs” (World Commission, 1987). Since society has developed to be driven by 
industry, then industry must provide the driving force that is now required.
This vision for the future requires planning and leadership. The industrial world 
needs some guidance to follow this vision. Legislation and regulation by 
governments go some way towards achieving this goal. But industry still requires 
guidance from figureheads within industry who can lead by example.
It may be that we get our blueprint from nature itself as described by Janine Benyus 
in her book (Benyus, 1997):
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“Biomimicry is the process o f learning from and then emulating life’s genius. After
3.8 billion years, life knows what works and what lasts here on Earth. Mimicking 
these designs and strategies, ‘recipes’, could change the way we grow food, harvest 
solar energy, run our businesses, even the way we make materials.”
If the industrial world can replicate nature’s blueprint, it can begin to change how 
industry works and begin to redesign commerce. Industrial processes can be 
managed so that the waste from one process is the feedstock for another, 
mimicking nature’s processes. This course of action will not be easy, as first we 
need to address what occurs in each industry, starting with our own. Then we can 
begin to realise how we can change this.
1.2 The Carpet Industry
A majority of industrial processes still work on a take-make-waste scenario. The 
carpet industry traditionally follows this and manufactures a product that is seen by 
the consumer in their typical day a multitude o f times. It is rare that a consumer 
will get down on their hands and knees and see what this provision is made from 
and how it will affect their future.
In fact the carpet industry is huge and worldwide was worth around US$25 billion 
at the mill level annually (CRI Sustainability, 2001). This massive industry takes a 
large amount o f energy to take raw materials and make them into the final product 
that the consumer sees and then is disposed of.
Carpet making is an extremely energy-intensive industry and the majority of 
components in the product are petrochemical in origin, which means that there is a 
large amount o f embodied energy in the product. These constituents have become 
preferred over the years as they produce the performance required but at decreasing 
cost as the plastics industry has grown.
In 1995 Interface Inc. sold $802 million worth of carpets, textiles, chemicals, and 
architectural flooring. In order to achieve this, the company along with the 
suppliers extracted 2.69 million tonnes of materials from the Earth’s stored natural 
capital. Of this, 880,000 tonnes was relatively abundant inorganic materials, mostly 
mined from the Earth’s crust and 1.76 million tonnes were petrochemicals.
Roughly two-thirds of these petrochemicals were burnt up in order to convert the 
remaining third and the inorganic material into products. (Anderson, MCC, 1997)
In order to consider how to change the industry that is studied, a thorough 
examination must first be made of the way in which that industry works. As part of 
this for carpet manufacturing, the method of manufacture must principally be 
examined and understood.
19
A  carpet w ill  b e  e sse n tia lly  c o m p o se d  o f  fa ce  y a m , prim ary back in g , a b on d in g  
co m p o u n d  and o ften  a secondary  back in g .
Tuft
Primary
Backing
Fabric
Bonding
Agent Secondary Backing Fabric
Figure 1.2.1 Typical cut pile carpet profile
T here are m any ty p es o f  fa ce  y am  w ith  m any m eth o d s o f  con stru ction  in the carpet 
industry. T h e  m o st co m m o n  are sh o w n  in the fig u res b e lo w .
Needlepunched
7%
Wbven
2%
Tufted
90%
Figure 1.2.2 Carpet manufacturing by square metres (The Carpet Primer, 2003)
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Figure 1.2.3 Annual fibre consumption in US by weight (The Carpet Primer,
N y lo n  is u sed  in a large percentage  o f  carpet a p p lica tio n s as it o ffers low  co st, g o o d  
w earab ility  and abrasion . If it is so lu tio n -d y ed  then it is  gen era lly  resistant to the 
harsh c h e m ic a ls  u sed  in  industria l c lea n in g  treatm ents and is  g o o d  for hard-w earing  
app lica tion s.
O le fin  (p o ly p ro p y len e ) o ffer s  an e x c e lle n t  w ater-vap our barrier and so  is ea sily  
c lean ed . It aga in  o ffer s  g o o d  w ear-resistan ce  b eca u se  the co lo u r  is added to the  
fibres during produ ction  and is inherent across the entire fibre.
P o ly ester  o ffer s  a lu xu riou s fe e l and so  is  u sed  in th ick -cu t p ile  textures. W o o l  
o ffers sim ilar  properties, but b eca u se  o f  its h isto r ica l s ig n ifica n ce  it is k n ow n  as a 
luxury m aterial. B o th  are gen era lly  so ft to the tou ch , but require a h igh  bu lk  fibre  
den sity  in  order to a c h iev e  g o o d  w ear properties (C R I Prim er, 2 0 0 3 ) .
T he d y e in g  m eth od  w ill  a lso  have  an im pact on  the w ear res istan ce  o f  the m aterial 
as during qu a lity  a ssessm e n t the co lo u r  ch an ge  after w ea rin g  is noted . If the fibre is  
co lo u red  throughout, cu ttin g  the fibre perpendicu lar to its d irection  w ill have  no  
a ffec t on  the co lo u r  ch a n ge. H o w ev er , i f  the fibre has not b een  d y ed  throughout 
(for e x a m p le  in so m e  o f  the in ferior v ers io n s o f  traditional d y e in g  m eth od s), then  
the co lo u r  w ill appear to  h a v e  faded. For exam ple:
2003)
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Figure 1.2.4 Solution dyed and tradition method compared after wear- note 
apparent loss o f colour
T h e w ear and a sso c ia ted  properties o f  the carpet w ill  a lso  b e  a ffec ted  by  the  
m eth od  o f  m anufacturing. It h as been  sh ow n  that in  the U S  the m ajority o f  carpet is 
m anufactured by  tu ftin g- u s in g  m o stly  n y lon  ya m s.
Yam
Primary
backing
Secondary' backing
Latex
Figure 1.2.5 Illustration o f tufted carpet (Brintons, 2003)
H igh er  priced  w o o l/n y lo n  b len d s are a lso  produced  b y  th is m eth od , a lthough  the 
n y lo n  y a m s, in particular the co n tin u ou s filam en t n y lo n s , predom inate  the tufted  
m arket.
T u fted  carpet sty le s  range from  lo o p , cut p ile , and co m b in a tio n s  o f  cu t and loop . 
T h ey  o ften  o ffer  d ifferen t p ile  h e igh ts across the carpet that resu lts in d ifferen t 
patterns w ith in  the carpet, as d ifferen t co lo u r  threads ca n  b e  m ade prom inent. 
S tep p in g  or z ig z a g g in g  u s in g  in d iv id u a l n eed le  bars is  u sed  to a c h iev e  this.
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T h e pattern o f  a tu fted  carpet is gen era lly  restricted  b y  th ese  m eth od s u n less  
secon d ary  d y e in g  m eth o d s are u sed  after the carpet is constructed . T raditional 
w o v e n  carpet is p rod u ced  in sm aller  qu antities and o ffer s  a greater am ount o f  
variety. A x m in ster  and W ilto n  are so m e  o f  the better k n o w n  w o v e n  carpets  
produ ced  in the U K . T h e  princip le  o f  the carpet m ak ing  is  that the p ile  y a m s and  
the b a ck in g  y a m s are in terlo ck ed  and th is m eth od  has ch a n g ed  little  in the last 2 0 0  
years.
In an A x m in ster  carpet w e a v e  cu t tufts o f  y a m  are inserted  at the poin t o f  w e a v in g  
by m eans o f  grippers. T h e appropriate co lo u red  en d s o f  the y a m s are se lec ted  by  
jacquard m ech a n ism s and presented  to the grippers b efo re  the tufts are cut from  the  
ya m . T h is  m eans that during the m anufacturing p ro cess a larger variety  o f  co lou rs  
can  be u tilised , a lthough  at the e x p e n se  o f  greater en erg y  co n sid era tio n s.
Yarn
Chains
Wefts
Figure 1.2.6 Woven Axminster (Gripper) (Brintons, 2003)
W o v en  carpet w ill  absorb con sid era b le  stresses and strains in u se  s in ce  the b ack in g  
can n ot de lam in ate, as it is an in tegral part o f  the w h o le  carpet. T h e w h o le  carpet is  
th ree-d im en sion a l and up to  tw e lv e  b ack in g  y a m s supports ea ch  ind iv idu a l tuft. 
T he h istory  and m anufacture o f  th is type o f  carpet c o n se q u en tly  m ea n s that it has 
g a in ed  a reputation fo r  res ilien ce  and luxury.
N e ed le  punched  or n ee d le  fe lt  carpet has d ev e lo p ed  as a resu lt o f  the need  for m ore  
v ersa tile  m ateria ls and c o st  red uction . A  w eb  is la id  len g th w ise , c ro ssw ise  or 
d ia g o n a lly  o n  the n ee d le  m a ch in e  at the sam e tim e as fibrous m ateria l is poured on  
top in variou s co lo u rs . T h e  n e e d le s  punch the y a m  through the back in g  and the 
tufts are form ed. T h is p r o c ess  can  be repeated a num ber o f  t im es in order to bu ild  
up the p ile  w e ig h t in the carpet. T he resu lting m aterial is then anchored  u sin g  a 
la tex  binder, co m p ressed  and le v e lle d  on a press or calendar.
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Barbed needles
E ntangled  fibres
Primary support fabric
S h ee t of superin posed fibres
Carpet Direction
Figure 1.2.7 Needle felt carpet
F u sio n  bon d ed  carpet is produ ced  by  im planting  lo o p s or y a m s  d irectly  on to  an 
a d h es iv e  co ated  back in g . T h e  y a m s are not stitched  in to  the prim ary b a ck in g  before  
the a d h esiv e  is app lied  and m ay b e  cut before  or after ap p lica tion .
F u sio n  bon d ed  products are o ften  printed after construction  fo r  sp e c if ic  patterns. 
T h e pattern is sprayed  on , rather lik e  the m anner o f  an in k -jet printer so  the d esig n s  
are very d eta iled  and can be very  exact. T he print is se t u s in g  stea m  and then  
c o o le d  and w a sh ed  o f f  to c o m p lete  the d esign .
T here are a num ber o f  sy stem s ava ilab le  for b a ck in g  carpet b e fo re  cu ttin g  in to  
carpet tiles. T w o  m ain  m eth o d s o f  b ack in g  the carpet tile  at S h e lf  M ills  are used . 
T h ey  are k n o w n  as G rap hlex  and G lasbac. T h ey  are both  v ersa tile  en o u g h  to be  
fitted  q u ick ly  w ith  m in im al f lo o r  surface preparation.
T h e  G raphlex back in g  is a patented  sy stem  that is  a carbon p o ly m e r ise d  c o m p o site  
incorporating layers o f  f ib reg la ss . T he fib reg lass is  m u ltid irec tio n a l and therefore  
its m ain purpose is  to o ffer  d im en sio n a l stab ility . It is d esirab le  that the b ack in g  
sy stem  be re la tive ly  h ea v y  so  that it w ill not w arp, w rin k le  or d o m e  under h ea v y  
traffic  or extrem e ch a n g es  in  hu m id ity  and tem perature.
T h e  resu lt is a back in g  that co n ta in s, by  w e ig h t, 3% fib reg la ss , 1-2%  f le e c e  and  
o v er  95%  bitum en m ix  (33%  p re-m o d ified  b itum en, 67%  lim e sto n e ). T h e b itum en  
is  app lied  hot and c o o le d  to  a llo w  it to set.
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Figure 1.2.8 Illustration o f Graphlex backing system (Interface Europe, Backing 
Systems, 2003)
mm- ™
T h e G lasbac  sy stem  is  a therm op lastic  co m p o site  that again  incorp orates fib reg lass  
for  d im en sio n a l stab ility . T h e  d ifferen ce  is that in stead  o f  b itu m en  as the prim ary  
filler , P V C  is  used .
Fusion implanted 
textile surface
Double layer of 
fibre glass
Main composite in 
thermoplastic resins
Secondary layers in 
thermoplastic resins
Figure 1.2.9 Illustration o f GlasBac backing system (Interface Europe, Backing 
Systems, 2003)
T h e back in g  sy stem  is ‘p u n ch ed  through’ w ith  a co n d u ctin g  pain t in  order to  
reduce static bu ild -up  in u se , w h ich  m akes the product su itab le  for  e lectro n ic  
env iron m en ts. T h is patented  sy stem  is k n o w n  as ‘C om p uterG uard’.
O ther o p tion s for b a ck in g  in c lu d e  the addition  o f  m a g n etic  strips that m ake the tile s  
particu larly su ited  to the In terce ll sy stem  o f  raised  flo o r in g  w h ic h  a llo w s ea sy  
a c c e ss  to u n der-floor ca b lin g . T h e  w h o le  back in g  sy stem  m ay  a lso  be m ag n etised  
so  that the tile  can  b e  cu t and p la ced  at any po in t and th is is  k n o w n  as ‘M a g b a c’.
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Figure 1.2.10 Intercell system o f raised flooring (Interface Europe)
T here are literally  thou san d s o f  perm utations o f  b ack in g  sy s tem  and fa cec lo th  that 
m ay be ordered by  the cu sto m er  such as R eC u sh ion  B ac, S y s tem  S ix , U n itary and  
S p rin gbac. T his m ean s that the cu stom er has fu ll f lex ib ility  w h en  c h o o s in g  fa ce  
c lo th  and b ack in g  sy stem  fo r  their particular requirem ent.
T h e tile s  are p rec ise ly  cu t so  that they  m ay be la id  w ith  a b ro a d lo o m  e ffe c t. T h e tile  
cu ttin g  lead s to w a ste  at the en d  o f  the m anufacturing p ro cess  as th ey  are cu t from  
tw o  m etre w id e  ro lls. T h is is  k n o w n  as ‘w in d o w  w a ste ’ and co m p r ise s  a large  
am oun t o f  the w aste  generated  o n -s ite  that is not currently r ecy c led .
T here is  a large am ount o f  m ech a n ica l m anipu lation  o f  the co n stitu en ts and heating  
and c o o lin g  c y c le s  that u tilise  a large am ount o f  en ergy  and it m ay  be p o ss ib le  to 
rem o v e  from  the p ro cess. E a ch  m eans o f  m anufacture u ses  th ese  m eth o d s and there  
m ay b e  a w a y  that the en v iron m en ta l im pact co u ld  be reduced . T h is  w ill  be  studied  
further as the project pro g resses .
1.3 Environmental Concerns
E ach  p rocess in the carpet m ak in g  re lies  on  a large input o f  e n erg y  and raw  
m ateria ls. O ften , the b a ck in g  m aterial is  m ade from  natural or  rec y c le d  m aterials 
su ch  as ju te , but g en era lly  the m ain constitu en ts are a ll p e tro ch em ica l based . T his  
h a s o n ly  b een  the c a se  s in c e  1 9 5 4 , w h en  up to that tim e co tto n  w a s  the o n ly  fibre  
u sed  in tufted products (C R I, H istory , 2 0 0 4 ).
M o st carpet is not w orn  out in its life tim e  and is rep laced  fo r  other  reason s, su ch  as 
the co lo u r  b eco m in g  outdated , redecorating, or the carpet b e c o m e s  d isco lo u red .  
70%  o f  carpet is d iscarded  for th ese  reasons and so  co u ld  b e  re -d y ed  to  ex ten d  its 
l ife tim e  in serv ice  (C o lo r  Y o u r  Carpet, 2 0 0 1 ). In the U S  a n n u a lly  8 0 0  m illio n  
square yards o f  carpet are land filled , o f  w h ich  little  can  be r ec y c le d  e a s ily  (W e iss ,  
2 0 0 3 ) . H o w ev er , d o w n  c y c lin g  is  o ften  used , as prev iou s carp et b e c o m e s  the filler  
fo r  a n ew  carpet back in g . Incineration  is an option  that m ay rec o v er  so m e  o f  the  
in trin sic  energy  in the product, but is o ften  not a so c ia lly  a ccep ta b le  a lternative  
(D u ch in , 1998).
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The carpet industry has been taking steps in recent years in order to reduce its 
impact on the environment with the signing of the Memorandum of Understanding 
for Carpet Stewardship (MOU). This voluntary agreement was signed by members 
of the carpet industry and US government aiming to eliminate landfill disposal and 
incineration of used carpet. These initiatives have resulted in the US carpet industry 
reducing energy consumption equivalent to parking 226,000 cars in one year (CRI 
Sustainability, 2001).
Collins and Aikman (U.S. Patent) operate a production-scale operation that claims 
to be able to recycle any vinyl-backed carpet 100% into a 100% recyclable product. 
The finished carpet contains a minimum recycled content o f 30% overall. This 
however leaves 70% that is still virgin material and the associated energy impacts.
Interface has introduced Glasbac:RE which is manufactured using post consumer 
recycled PVC. Re:Entry is another innovative solution that involves reclaiming 
carpet, renovating and repurposed for donation to schools, libraries, churches, 
shelter groups, missions and other non-profit organizations. These are some of the 
first steps towards producing an entirely sustainable product within carpet 
manufacturing.
The Interface Sustainability Report of 1997 showed that there were many advances 
made in the company during the period from 1994, but yet the take-make-waste 
open system was still prevalent. The raw material input to make 554 thousand 
tonnes of carpet tiles worldwide involved over 97 thousand tonnes of face fibre, 22 
thousand tonnes of backing material, 500 thousand tonnes o f chemicals and 28 
thousand tonnes of auxiliary materials, including packaging and office supplies.
The majority of energy input to the product is in embodied energy in the material 
(7.4 x 1012 BTUs) compared to the energy required to make the product (0.6 x 1012 
BTUs). Interface considers a holistic approach to sustainability with the result that 
many manufacturing advances are taking place, including energy and water 
conservation, reduction of hazardous materials in use, waste reduction by 
improvement of handling procedures, packaging, shipping and storage, decreased 
landfill use and the 100% use o f renewable energy at all U.K. sites. Since the 
QUEST initiative has been in place (Quality Utilizing Employees Suggestions and 
Teamwork), in conjunction with the Ecosense initiative there has been a 40% 
reduction in waste across the board.
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QUEST is the waste reduction programme initiated in 1995, which allows 
employees to make suggestions to improve the efficiencies of manufacturing and 
office procedures to reduce waste. Interface developed the EcoSense Points System 
to educate associates about sustainability and help them discover things they can do 
to work to become sustainable. Interface awards EcoSense Points for the successful 
completion of activities that fall into categories of environmental management 
systems, quality management systems, sustainability training, sensitivity hook-up, 
employee safety and education, resource efficient transportation, EcoMetrics, 
purchasing and Eco-Efficiency.
It is all very well introducing recycling bins in every office, saving energy and 
water in processing and recycling cans in the staff canteen, but as Paul Hawken so 
astutely observes in his book The Ecology of Commerce; “It’s like trying to bail 
out the Titanic with teaspoons” (Hawken, 1993). So, fundamentally, industry needs 
to change its business practices and commerce must be redesigned if  the major 
environmental disaster awaiting the human race can be averted.
The smaller approaches have not fundamentally changed the processes that occur 
in every factory, although they have changed the underlying principles. Although 
petrochemicals and materials are still converted to product, the process is more 
refined and less wasteful. It is one last transition that needs to take place towards 
industrial ecology and the company is aware o f the urgency of this need.
Research and Development in the United States is currently looking at alternative 
sources for the materials that make up a carpet tile and thus migrate the product in 
a more sustainable direction. Interface, Inc. has already introduced in America and 
Europe a carpet tile with fibres made from polylactic acid derived from com, which 
is a first attempt at a sustainable product. Whether it is one that the consumer will 
buy is yet to be proved.
Interfaces vision perfectly sums up their plan for the future:
“To be the first company that, by it’s deeds, shows the entire industrial world that 
sustainability is in all it’s dimensions: people, process, product, place and profits- 
by 2020- and in doing so we will become restorative through the power of  
influence.”
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1.4 Project Aims and Structure of This Report
This project will provide flooring solutions that will migrate the entire product 
towards the company's vision of sustainability, whilst also considering customer 
viewpoint, resulting in an increased customer perception and consequently 
customer loyalty. This will involve holistic consideration o f the supply chain from 
sourcing renewable raw materials, improving/re-engineering production processes, 
refurbishment, recycling, downcycling and disposal.
The project can be broken down into four sectors: refinement o f current 
manufacturing processes, new processes, use of more sustainable materials and 
flooring management. This gives four clear paths for the project to take. Initially all 
paths will be considered, with a view to specialising in one particular area.
The carpet manufacturing process is initially studied in great detail, which is 
included in the preliminary critique. This report also includes current steps being 
taken to improve the manufacturing process and research being undertaken on-site. 
In addition this report focuses on the alternative materials that may be considered 
for other flooring and textile solutions.
Interface’s holistic approach to sustainability has resulted in many manufacturing 
advances, including energy and water conservation, reduction of hazardous 
materials in use, waste reduction by improvement of handling procedures, 
packaging, shipping and storage, decreased landfill use and the 100% use of 
renewable energy at the Shelf Mills and Craigavon.
However, the customer, from a simplistic point of view, rarely considers this 
approach. They will consider recycled material or recyclable material o f a greater 
benefit to the environment than these approaches (although in actual fact more 
energy may be used). Customer perception must be considered from a marketing 
point of view as there is also the discernment that products with a greater amount 
o f recycled content are inferior to those made from virgin materials.
These perceptions will be questioned at consumer and expert focus groups. Social 
research will be an important part of the project development, as product 
perception would lead to saleability. This process needs to be fully understood in 
order to consider how the market may receive future products.
Greater understanding of the needs o f flooring solutions will be achieved with a 
view to create a more sustainable flooring product. In order to achieve this, the 
current manufacturing process and project management need to be first examined 
and understood.
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2 Interface Europe
2.1 Interface Manufacturing
In order to understand how Interface will develop in the future, an understanding 
must first be developed of its history. It is this history and the experiences of the 
founder, Ray Anderson, that are driving the company now, towards the vision of 
sustainability.
In 1973 Ray Anderson founded Interface as Carpets International Georgia. His 
vision was to use his 14-plus years o f experience in the carpet industry to adapt 
European technology to produce free-lay carpet tiles in America. This was in 
partnership with Carpets International Pic, based in the UK. In 1982 Ray bought 
out his share of the company and renamed it Interface, Inc. after the Carpets 
International Pic was taken over.
The reason that Interface chooses to manufacture modular flooring and not 
broadloom is that most o f the wear o f a floor only occurs in 20% of the surface and 
so modular flooring means that this section can be selectively replaced- offering 
savings on cost and material (Interface, Why Modular, 2003). It is also easy to 
replace these sections as Interface have developed their ‘Renovations’ system that 
lifts furniture and keeps it in place. This system means that the floor can be 
installed with minimal disruption to electrical connections, furniture assembly and 
no downtime.
Modular installations are also much faster that conventional carpet, typically saving 
50% on man-hours. This is because there is no underlay required, no seaming or 
dye lot mismatches. If a specific design is required, with modular tiles there is the 
flexibility to add larger patterns and expand aesthetic possibilities. It offers the 
customer some creative freedom and design flexibility.
After becoming such a major force in the flooring industry during the seventies and 
eighties with little regard to environmental impact, bar that which was required by 
legislation, Interface found itself in a position that had become briefly 
incomparable. The company was enjoying the economic boom of the era and had 
acquired a number of flooring businesses in the retail and office sector as the 
businesses grew together.
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During 1984 the industry hit a brick wall with the collapse of new office 
construction in the United States and so the company diversified into office 
renovations and healthcare. Once again, in 1991-1993 markets began to change 
with the downsizing and re-organisation of companies as well as that o f Interface, 
Inc. With new management structure in place, Ray Anderson- Founder, Chairman 
and CEO of the billion-dollar company, found himself questioning his role and 
made some fundamental changes to the philosophy of the company, resulting in the 
2020 vision (Anderson, MCC, 1998).
Interface has a 40% market share in carpet tiles and over 1 billion dollars in sales 
ever year. They have 29 manufacturing sites across four continents, with sales and 
manufacturing in over 30 countries, selling to more than 110 countries worldwide. 
They directly employ over 6,000 people across the globe (Interface website, 2004).
Interface is the world’s leading commercial carpet and interior fabrics 
manufacturer. Its corporate headquarters are based in Atlanta, Georgia with its 
founder Ray Anderson remaining in the role o f chairperson, and Dan Hendrix as 
president and CEO.
Interface Research Corporation (IRC), based in the US, is intended to provide basic 
research and technical support to all the Interface subsidiaries worldwide, provide 
leadership in the development of socially sustainable practices and develop newer 
and more environmentally friendly technologies, processes and products towards 
the goal o f sustainability. IRC provides more long-term research in the field with 
three laboratories and a materials science pilot plant (Interface website, 2004).
The Europe/Asia/Pacific main offices are based at The Shelf Mills, Halifax, West 
Yorkshire. The company has a very hierarchical structure with linear chains of 
responsibility and accountability. There are sales and marketing activities in the 
majority of these regions.
The major manufacturing sites in Europe are based at Scherpenzeel in Holland and 
Shelf Mills. Both sites have associated subsidiary functions such as engineering, 
materials research, quality control and quality assurance.
Scherpenzeel produces mainly large volumes o f the Heuga branded product 
whereas Shelf Mills produces much smaller volumes o f the Interface branded 
products. This results in differing needs and purposes at each site as the Heuga 
brand is less expensive and offers better value for money. This results in a bigger 
domestic market proportionately than the Interface brand.
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Both sites produce mainly modular carpet (or carpet tiles), which has the feel and 
durability of a traditional carpet, whilst offering additional benefits o f flexibility. 
The carpet tile produced is 50cm x 50cm and offers a multitude of designs and 
textures.
The facecloth can be imported from Craigavon, Northern Ireland on rolls and 
backing lines complete the product at Shelf Mills. Fusion-bonded product is 
produced and backed on-site.
Interface is now urgently searching for a replacement backing system that may 
involve more renewable materials or recycled content. As a first step, since it 
constitutes a major part of the Graphlex backing system by weight, is to examine 
the limestone component. It may be feasible to use post-industrial recycled filler as 
an alternative and this is discussed later in this report.
2.2 Process Materials Research
The European technical director has responsibility for technical sales support and 
testing, health and safety, systems audit development, engineering and 
development, quality control and assurance and accreditation. It is his role to co­
ordinate the Process Materials Research (PMR) issues between the two sites in 
Europe and relates these back to the activities of the IRC in the US.
The PMR function is to provide short-term solutions to today’s problems. There are 
PMR functions at the major manufacturing sites to provide support to the 
manufacturing processes and engineering team.
A fast return is usually required which means that there are fewer resources 
available for medium-long term thinking. This project aims to fulfil some of these 
medium-long term projects that have been generated and may help to provide 
solutions to the longer-term problem. These projects are generated in-house and 
this process needs to be fully understood in order to be able to operate within these 
confines.
A work instruction currently defines the way that projects may arise and 
responsible Project Initiation (Interface Europe, QMS, 2002). The inputs leading to 
the initiation o f a PMR project can be from a number o f areas within or outside the 
Company. These can include: requests by customers or sales and marketing 
functions, recognition of a need to investigate and correct a particular quality fault, 
the availability o f new materials with enhanced performance or the implementation 
of Company policy.
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The PMR Manager or the Technical Director will consider the desirability of 
initiating a specific new project. Where a new project is felt to be desirable, the 
PMR Manager shall create a PMR Project Application. This would be discussed 
with the Technical Director to confirm approval.
The PMR Manager would set the objectives for the project, select a project leader 
and wider team, if  appropriate, and agree the research process to be followed with 
the project Leader. The reporting and review requirements and proposed timing 
shall also be determined at this stage. This information is then recorded on the 
Project Application and becomes the documented Project Definition.
Day to day planning of project work is be carried out by the Project Leader and is 
consistent with the priorities agreed with the Process & Materials Research 
Manager at project initiation.
Currently PMR projects require approval by the Technical Director and will follow  
the subsequent flow-chart.
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Project
Initiation
PMR project application 
Technical Director confirms approval
NO
YES
Project Review Meetings
Development
Complete
PMR project list updated and issued by PMR Manager
Feedback to relevant personnel 
Modification of Product, process and 
IMS documentation where applicable
Selection of Project leader and team if necessary 
Project objectives set by PMR Manager 
(10 .01 .2)
Documented Project Definition: (10.01.1) 
planning of research process, raw material ordering 
reporting, review requirements, costs and timing
TRIALS & TESTING 
Trialsheets if required and results documented in PMR rep. blank format 
'Trial' material segregated and labelled with relevant PMR trial number
Figure 2.2.6 Flow-chart showing project initiation (Interface Europe- work 
instruction)
A trial run will produce the carpet in large quantities and in different colourways. 
The product will then be rigorously tested following the standard procedures and 
approved if  it meets these standards. The test procedures are as follows:
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1 box of each  
colourway of '0‘ 
series from NPD 
Manager
No
Y es
■Unsatisfactory results-
Development
Complete
.testing g o > Nghead?/
Manager
informed
RESULTS
Back to Development 
D&D
NPD
Sign off spreadsheet 
created (10.01.04)
Issue to NPD Manager and Technical Services
I tile of each colourway retained in PMR archive 
IMS Product Technical Data updated
NPD Managers files updated 
Internal test reports generated (tech. services) 
as required
TESTS
Each tile labelled and segregated 
Castor chair, vetterman drum tested  
samples retained in PMR archive
Figure 2.2.7 Flow-chart showing trial method (Interface Europe- work 
instruction)
Each new product under development is rigorously tested in order that it can be 
sold to the customer under detailed specifications. The customer has specific 
requirements and needs to be able to pass these on to their customer. Each product 
produced by Interface is quality controlled and assured in this way.
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2.3 Testing Procedures
Any new product that may arise as part o f this project will need to pass stringent 
quality control measures. These are described in detail in this section in order to 
begin to understand the material properties that may have to be considered in an 
alternative product. These tests take place as part of quality assurance on a daily 
basis for every product produced. These testing procedures are taken from the 
British Standards that include colourfastness, fibre bind, Hexapod tumbler, 
Vettermann drum and castor chair test.
British Standard BS EN 1307:1997 describes the general classification and testing 
carpet. Each test is designed to simulate what may happen to the carpet in use. For 
example there is included colourfastness- to light, rubbing wet and dry, fibre 
integrity and fibre bind for synthetic carpets. Each test results in a classification 
that may be given to the carpet to indicate its quality.
The castor chair test is described in BS EN 985:1995 and is again designed to 
simulate conditions in use. The carpet is simply mounted on a rotating circular test 
platform of 800mm diameter. Castors are set on an assembly arranged at 120° 
intervals and are free to rotate around the 130mm diameter. The castors rotate at 
50mm'1 and the platform at 19mm'1. There will be a suction device to remove any 
resultant debris.
Total m ass 93 dati
223
,loa tj/dr«v« p la te  ([) 
i^ C a s to r  mounting p la te  (R)
!A]
Suction nozzle 
w ith h eigh t  
regulationC h a i n
ADO
Figure 2.3.1 Castor Chair Test (British Standard EN 905:1994)
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Figure 2.3.2 Photograph o f castor chair test
Figure 2.3.3 Photograph o f striking results after castor chair test
T h e w h o le  a ssem b ly  r e v o lv e s  for a set am oun t o f  rev o lu tio n s , d ep en d in g  o n  the  
test, and then the carp ets appearance is a ssessed .
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British Standard BS ISO 10361:2000 describes the Vetterman drum and hexapod 
tumbler tests. They both work on the same principle of simulating the conditions of 
use. The Vetterman drum is a larger apparatus that revolves with a steel ball inside 
with rubber feet that fatigues the carpet, which is lining the inside of the drum. A 
circular brush constantly removes broken fibres.
Key
1 Extraction of brushed fibres
2 Rubber stud
3 Steel ball
4 Vulcanlzed-fibre backing sheet
5 Metal drum
6 Circular brush
Figure 2.3.4 Figure showing Vetterman drum test (British Standard ISO 
10361:2000)
.15*0,5118 tO,1
Figure 2.3.5 Figure showing steel ball used in Vetterman drum test (British 
Standard ISO 10361:2000)
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Figure 2.3.6 Photograph showing Vetterman drum test on-site
A  set am oun t o f  rev o lu tio n s occu rs (2 2 ,0 0 0  fo r  h e a v y  w ear, 5 ,0 0 0  for early ch a n g es  
in  app earance) and the carpet is rem o v ed  and ex a m in ed .
A  sim ilar  m eth od  is  u sed  for  the h ex a p o d  test, but w ith  d ifferen t d im en sio n s. T h e  
carpet is  a lso  v a cu u m ed  during and after the test to rem o v e  e x c e ss  fibres. A  total o f  
1 4 ,0 0 0  r ev o lu tio n s are u sed  to sim ulate  h e a v y -w ea r  and 6 ,0 0 0  rev o lu tio n s to  
sim u la te  early  ch a n g es  in  appearance or u se  in le s s  sev ere  sites.
irt Q  
31 i t)
Key
1 Poiyutherane stud
Figure 2.3.7 Hexapod (British Standard ISO 10361:2000)
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Key\ o
*  1 Plastic drum
2 Polyethylene specimen backing sheet
3  3 HexapcxJ
Figure 2.3.8 Hexapod tumbler cross-section (British Standard ISO 10361:2000)
Figure 2.3.9 Photograph o f hexapod tumbler lined with carpet
E ach  standard test u sed  in the carpet industry is d e s ig n e d  to reproduce c o n d itio n s  in  
u se  and repeat them  o v er  a num ber o f  c y c le s  to  sim u la te  an am ount o f  tim e in use. 
T h ese  tests are d esig n ed  and rev iew  b y  th o se  in the carpet industry o n  a regular  
b a sis .
A p p earan ce a ssessm en t is a lso  standardised, as th is is  the m eth od  by w h ich  the  
carpet properties are categorised . T h ese  can  be fo u n d  in B S  E N  1 4 7 1 :1 9 9 7  
d escr ib in g  the carpet b e in g  a sse sse d  w ith  referen ce  to a se t o f  standards. T h ese  
standards can be fou n d  at the B ritish  T ex tile  T e c h n o lo g y  G roup (B T T G ) in L eed s.
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The drawback with these types of tests is that they do not get to the primary 
principles behind the fracture of the fibres. If we were to look closely at the method 
o f failure of the facecloth were to be examined it may be that fundamental 
parameters could be defined that a material may have in order to pass the heavy- 
duty characterisation. This would lead us on to testing materials at an earlier stage 
before trials need to be run.
As a further part of this investigation a visit to BTTG will be undertaken to 
examine the standard testing procedures. Simulation o f the type of fibre fracture 
may be considered as a larger part o f this project arising from the testing methods, 
in conjunction with consideration o f new materials and dematerialisation.
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3 Materials
3.1 Dematerialisation
As part o f the environmental issues that have been raised so far it has been noted 
that each element o f the carpet tile performs a function. There are two ways that 
become apparent o f reducing the environmental impact of the tile. The first is to 
reduce the amount o f material in the tile, whilst retaining the same materials. The 
second is to change the materials to those that are sourced from natural elements, 
recycled or recycleable whilst retaining function, which will be discussed in 3.2.
If the material components of a carpet tile are considered, then each element offers 
an individual characteristic. The carpet tile could be broken down, with what each 
component offers considered and consequently a reflection of how the content may 
be reduced may be performed.
The face yam provides the design and quality that the customer feels. It can be 
used to exhibit logos, to express a particular style or mood. The face yam tends to 
provide the emotional attachment that people may feel in their room. It is the most 
important part of the carpet tile as it is this part that the customer will be in touch 
with on a daily basis.
The face yam would have to be chemically stable, resistant to sunlight, able to 
withstand harsh cleaning chemicals, colourfast but versatile in coloration 
possibilities. It has to be durable and wear-resistant for a good lifetime, but be 
ductile and not feel harsh.
Face yam should offer good colour clarity and so may scatter light in order to 
reduce the appearance of stains. It ought to provide low levels o f static generation 
in an age where electrical equipment is prevalent.
The backing fabric is added to provide dimensional stability whereby it is strong 
and stiff. It is also a barrier to moisture to protect the under-floor. The backing 
material also adds bulk to the carpet tile so that it can be laid easily and remains in 
place. The adhesive could be removed or altered if  the backing material is changed.
In order for dematerialisation to take place the replacement option must therefore 
include all o f the stated features. Carpet tiles have already reduced the total amount 
of material required to operate as a flooring solution, whilst still functioning in the 
same manner as a traditional carpet, as discussed in section 2.1. This is a first step 
towards dematerialisation as the total material required to perform the same role is 
reduced.
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Carpet tiles already offer an advantage over the traditional broadloom carpet as in 
fitting there is a great deal less waste. Modular carpet installation typically 
produces around 67% less waste than broadloom carpet (Interface, Why Modular, 
2003), which means both cost and material savings as more of the flooring ends up 
in the floor and less in landfill. Changing the flooring is also easy and the patterns 
can quickly adapt to changing styles.
The tiles can be easily cut to size to fit any shaped room and areas that suffer more 
traffic and wear can be selectively replaced. By changing the tiles on a regular 
basis, the pattern could be subtly changed to give an altered appearance.
It is particularly useful to have carpet tiles in a child’s room as brightly coloured 
tiles can be used to create a pattern that may be changed depending on wear, 
spillages and design. Shapes can be cut from the tiles to include favourite pictures, 
even after laying. These all assist the dematerialisation of the carpet, as less is 
needed for any given wear time.
A breakthrough carpet tile has been developed at Interface based on the concept of 
biomimicry- the idea that natural systems can guide the design of man-made 
products as described by Janine Benyus. Entropy is laid randomly and provides 
near-zero installation waste, as there will be few spare tiles. The Entropy range also 
extends the lifecycle of an installation, as the tiles can be interchanged when the 
wear rates o f different traffic areas diverge.
Another method of reducing the material used for a flooring solution over a given 
period is the idea of the ‘Evergreen Lease’. The concept is that a customer leases a 
flooring solution from the business, rather than buying it. The services that the 
carpet provides are sold instead, i.e. the colour, design, texture, warmth, acoustics, 
comfort under foot, cleanliness, and improved indoor air quality, but not the carpet 
itself. The customer pays monthly for these services and therefore the paradigm 
shift is achieved towards dematerialisation (Anderson, MCC, 1997).
The business would take back the flooring and either re-use or recycle the material. 
Re-using involves cleaning the tiles thoroughly and may involve re-dyeing the 
surface yam to keep in with current fashion trends. The backing may also need to 
be renovated in order to restore the impact resistance o f the flooring. These 
Re:Entry products are currently donated to non-profit organisations (Interface 
website, 2004).
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Re-cycling is currently more energy-intensive than re-use and is therefore less 
desirable (Krivtsov, 2004). However, if the carpet has deteriorated too far then the 
only option may be to reduce the flooring to its constituents. In this case it is more 
desirable to consider a floor covering that would be ‘un-zippable’ and could be 
broken down easily. In this case the individual elements would be recycled 
separately.
3.2 Natural Materials
There are many small companies that offer a variety o f floor coverings that contain 
a quantity o f natural materials. The materials most often included are jute, hemp, 
fiscal, cotton, wood, silk, linen, bagasse and more (Geosites, 2003). A brief 
overview of these materials is described below, but each material should be 
considered as to how it fits the criteria described for each part o f the tile. Further 
details are sourced here from the Department of Trade and Industry Manufacturing 
Advisory Service (DTI, 2003).
Natural fibres are either extracted from the leaf, the inner bark, fruit or seed, animal 
wool or hair, insect cocoon or mineral product. Fibres are used to form into threads, 
yams and ropes that may be woven into tapes or fabrics. The drawback with natural 
fibres produced in this manner is that they often vary in properties from crop to 
crop and depend on seasonal variations.
Hemp is a material that is having a great deal o f attention drawn to it in recent 
times. It can be a cheap crop that can be utilised in a number o f ways for example 
its seeds can be made into nutritious food bars and can be processed in the same 
way as soya products. The fibres produced from the stem are extremely tough and 
are already used in carpets, reinforced panels for cars and other applications 
(Manitoba AFR, 2000).
Flax is produced from the inner bark bast fibre from the flax plant. It has a high 
specific stiffness that may make it suitable for use as a dimensional stabiliser in the 
backing if  the fibres are laid down multidirectional. The tensile strength is high at 
around 800MPa and it absorbs little moisture. It is currently used to make paper for 
cigarettes, linen and paper.
Manila hemp (abaca) is produced from the leaf o f the Musa Textilis tree. It has a 
high tensile strength o f around 900MPa and a high specific stiffness, which means 
that it offers good abrasion resistance. It is resistant to mould and rot and so 
consequently finds itself in applications such as marine cordage, abrasive packing 
papers and teabags.
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Sisal is made from the leaves o f the sisal tree and is already found in luxury carpets 
and high strength papers. It has a medium-high strength of around 600MPa. It is 
hardwearing but expensive.
Seagrass is used in carpets and rugs as well as roof thatching in coastal areas. This 
is another advantage that natural materials may offer if  they are grown in the areas 
that they are utilized. This saves on transport and thus reduces an important 
environmental impact. Seagrass offers good sound and thermal insulation and 
therefore reduces heating needs in the home, which in turn reduces a further 
environmental impact. It is relatively cheap and non-flammable.
Cotton from seed is one o f the most widely used fibres in the world today in a 
variety of applications- mostly clothing and paper. It is durable, but with a low 
tensile strength and can absorb a large amount o f water.
Coconuts have also come to prevalence in recent years as they offer a use for every 
part. The flesh and milk can be eaten (or in young coconuts used for emergency 
plasma transfusions), the fibres and hair from the husk can be used in carpets and 
door mats or as fibrous fillers. They are highly rot resistant and have a strain-to- 
failure of about 20%. They offer low stiffness and tensile strength (220MPa), so 
they could be considered for replacement of polymers in some situations.
Animals can also provide hair and hide that is used in a number o f current 
applications. Most of these are for clothing or luxury carpets. These applications 
emerge as the hair is soft, lightweight, durable and offers good thermal insulation. 
Depending on the animal type, the hair may or may not absorb water easily. There 
are hundreds of different breeds of sheep, camels, goats, llamas and other exotics 
that provide hundreds o f different types of hair/wool.
Hide or skin can also be taken from any animal and its properties depend mostly on 
the area and type of animal it is take from. Treatment can alter the properties o f the 
resultant material and its uses. Leather is used mostly in the clothing and 
upholstery industries.
Silkworm cocoons can be boiled in water to release a single continuous element. 
The cocoon contains a developing larva, which is destroyed in the process. It is soft 
and lightweight with excellent wicking properties as it can absorb a great deal of 
water. It has excellent insulating properties, but its reflective appearance can be 
dulled easily upon exposure to UV rays. It is used for luxury clothing, thermal 
clothing and luxury home furnishing.
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There are obviously an enormous number of animals and plants available that may 
be alternatives to the current backing and facecloth systems. It is narrowing this 
field down that poses the first challenge to the researcher. The first materials to be 
considered are those that could be produced locally and therefore reduce impacts 
further.
An addition to the problems caused in selecting a fibre that is animal in origin is 
that then the animal treatment should be considered. This enters into the social 
responsibility that the company has to the environment.
As a further part o f this research these natural fibres will be analysed further and an 
investigation into their properties carried out. Continuing from this, the material 
properties will be assessed against those of the materials currently in use. In order 
for any component to be replaced by one of lesser environmental impact, the 
customer must be convinced that the replacement can perform the same function, 
or better.
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4 A n investigation Into an Alterative Filler for Tile 
Backing
4.1 Introduction
There has been a continuing need at the Shelf Mills to introduce a greater recycled 
content into the backing material. The backing material contributes over 95% by 
weight of the total tile and if  the limestone in the backing were to be replaced by a 
recycled material, the total recycled product content would be about 65%.
The aim of this project will be to research and investigate existing materials used 
for backing fillers i.e. calcium carbonate (limestone). Limestone is a sedimentary 
rock composed of carbonates, namely the minerals calcite (calcium carbonate; 
CaC03) and dolomite (calcium magnesium carbonate; CaMgtCOsE), derived 
either chemically or organically. This is extracted from the Earth, ground and 
sieved to obtain the required particle size distribution.
There will be a need to understand the material characteristics based on particle 
size, morphology, temperature and humidity. Ambient conditions may affect these 
characteristics and consequently the flow behaviour of the material.
This investigation is divided into two parts. The first is an analysis of the current 
material and associated flow problems. This takes the form of a preliminary 
investigation into the material and its characteristics in order to understand the 
manner in which it is currently transported around the line. If different 
characteristics are exhibited under different conditions these must also be 
understood in order to implement process changes.
The second part of the investigation is to examine any replacement fillers in order 
to ensure that they can be implemented online efficiently.
There are problems with the current material flowing through the line and 
bottlenecks have been identified in the process. If these problems can be related to 
material characteristics, then it may be that these could be avoided in replacement 
filler.
There have been numerous problems with the flow of limestone into the mixer for 
use in the bitumen backing line. The system appears to have problems flowing 
from the heated storage bunker (SB56) to the weighted bunker (WB58) during 
certain times and conditions. The following diagram shows the part o f the 
transportation system that exhibits the perceived bottleneck.
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Figure 4.1.1 Line diagram showing perceived bottleneck at bottom of heated 
storage bunker (SB56)
It is perceived that during summer, conditions are such that the flow problems 
increase. In the heated storage bunker, the limestone has been heated to around 
150°C via the oil-heated screw, which draws material from the colt limestone 
storage bunker and the external tank D shown in the line diagram below.
“( M i l
COLT UMESTONEH(g)}«s> Kc 
STORAGE BUNKER I TANK D 18,000 U.V 3
LIMESTONE 
SECTION 5
LIMESTONE DISCHARGE EQUIPMENT
Figure 4.1.2 Line diagram showing heated screw (on left) and external tank
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It is  stored in this bunker until required in the w e ig h ted  bunker. From  here, a d o se  
o f  app roxim ately  2 5 0 k g  is  d e liv ered  to the com p o u n d  m ix er  (C M 2 8 ) v ia  the d o s in g  
screw  at 2 .4 k g /s .
T h e  m ass o f  m aterial in the w e ig h te d  bunker is m easured  u s in g  the data poin t 
W T A 5 8  and the m a ss o f  the m aterial in the heated  storage bunker is estim ated  
u sin g  a v ibrating p robe, o f fse t  from  the centre. T he vibratin g  p robe a ssu m es that 
the lev e l o f  m aterial is  c o n s is te n t throughout the d iam eter o f  the bunker, and that 
the m aterial is co m p a cted  to  the sam e degree  throughout. In fact, after su cc e ss iv e  
f i ll in g  and em p ty in g  c y c le s  the m aterial b e c o m es m ore c o m p a ct around the  
c ircu m feren ce  o f  the hop p er  as o ften  ‘ra t-h o lin g’ takes p la ce .
V
Probe Assumption
Probe
Actual S itua tion
Figure 4.1.3 Assumptions made by the vibrating probe
T h erefore, inaccu racies m ay arise during m easuring  o f  the m aterial f lo w  and  
adjustm ents m ust b e  m ade for  this during p rocessin g . L in e  data has sh ow n  that the  
rat-h ole  c o lla p s in g  resu lts in a sharp drop in the am oun t o f  m ateria l m easured  by  
th is probe.
In order to k eep  the m aterial f lo w in g  through th is bunker adequ ately , pads have  
b een  introduced at the entrance to the d o sin g  screw  that are d e s ig n e d  to aerate the 
sy stem  at lo w  pressure in  order to encourage  m aterial f lo w , sh o w n  sch em a tica lly  
here.
Probe registers drop in m ass
Aerator
Air at low  pressure
causes collapse of ra t-ho le
Figure 4.1.4 Aerator action
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In addition to this system, mechanical means have been introduced, whereby the 
operator would apply sharp force both inside and outside the bunker to agitate the 
material and encourage the rat-hole to collapse. This method, although effective, is 
not ideal since the bunker will eventually become misshapen and the pads become 
broken. This results in the system not being able to work effectively as it was 
designed.
It is the intention of the initial enquiry to assess the conditions that cause the most 
problems with mass flow. If there is the perception that flow rates are different at 
this bottleneck due to seasonal variations, this will form the first part of the 
investigation. The atmospheric conditions will be monitored and related to the flow 
characteristics observed on line.
The current material in use will help to dictate these flow characteristics. If the 
flow characteristics vary depending on ambient conditions and material properties 
affect flow characteristics, then ambient conditions may affect material properties.
It is the secondary intention of this enquiry to compare the material properties with 
the ambient conditions to assess if  any changes take place in the material. If 
samples are taken under different ambient conditions and the material 
characteristics can be well defined, they may be related back to the conditions that 
may cause these changes. Consequently, the flow properties may be predicted by 
atmospheric conditions and ultimately safety measures may be put in place in order 
to maintain the flow conditions required to maintain the throughput of the line. 
These recommendations will be an ongoing part of the investigation.
If the backing filler material is to be replaced by an alternative, then the properties 
of the replacement need to be fully understood. If the line is to run to its full 
capacity continuously then the new filler needs to cause no problems that cannot be 
compensated for in the normal day-to-day running of the business.
Particle size and distribution have been previously highlighted as factors that may 
affect processing. A small amount o f particles that are over 250|im had been 
included as part of the PVC mix, as limestone is also used a filler in this 
application. However, the PVC applicators use a blade method to apply and then 
reduce the amount o f liquid on the fleece. These larger particles become trapped 
under the blades and tear-outs have occurred on line.
The method of application on the bitumen line is by a set o f rollers. Since they 
rotate at different speeds and have a set gap between them, the thickness of 
application can be controlled.
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This free-moving system may mean that the larger particles remain behind on the 
rollers and are not transferred onto the fleece. However, since the limestone 
replacement will ultimately be used in both the PVC and bitumen mixes then it 
should conform to both standards.
Particle size and distribution are also important in the way that they affect the 
viscosity o f the mix to be applied to the backing system. It is believed that a large 
amount (>5%) of fines (<53pm) in the limestone will have an adverse affect on the 
bitumen mix such that the viscosity becomes too high at the current temperature of 
application for effective transfer.
It is not advisable to increase the temperature further due to increased energy use 
and associated costs. It will also result in further energy costs as the backing system 
will then have to be cooled to room temperature via a refrigeration system. 
Therefore, a thorough investigation of particle size and distribution is required.
It is the intention of the initial enquiry to assess the conditions that cause mass flow 
problems and to simulate them under laboratory conditions. This will enable some 
of the causes of these problems to be identified and eliminated, which would result 
in increased process efficiency.
This investigation is ongoing and is divided into sections that describe the steps 
taken in the investigation thus far. Initially the particle size, chemistry and 
morphology o f limestone currently in use as backing filler for carpet tiles were 
investigated using Scanning Electron Microscopy (SEM) and sieving. SEM is a 
useful tool for examining particle shape and size and retrieving chemical 
information.
Samples were taken after varying processes and conditions had been applied to 
examine if any change in morphology took place and the environmental conditions 
noted. It was decided that the mass flow problems associated with the limestone 
could not be attributed to chemistry alone.
At present, the limestone is heated and transported around the site by mechanical 
processes, before it is mixed with the pre-modified bitumen and used as the 
backing filler. There is the perception that the flow characteristics are dependent on 
climatic conditions and seasonal variations. It is the intent o f this study to verify or 
disprove these claims.
As part of this investigation, it would be rational to model the bitumen delivery 
systems, calculate flow rates and compare with the actual data collected. This will 
lead to process and product recommendations to achieve the plant requirements of 
a line speed o f lOm/min.
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4.2 Assessment of Material Currently in Use
4.2.1 An Investigation into the Relationship between Ambient 
Conditions and Moisture Content of Sample
In order to a ssess  the p erce iv ed  p ro b lem s w ith  the f lo w  o f  the current m aterial, 
w h ich  w ere  thought to be ca u sed  b y  m ateria l d ifferen ces , sa m p les w ere  taken  
in itia lly  o v er  severa l days at d ifferen t tim es. In order to com p are  n ew  m aterials to 
the standard lim esto n e  u sed  as a f ille r  in the back in g  m ateria l, it m u st first be  
a n a ly sed  and docum ented .
S a m p les  o f  lim esto n e  w ere  taken fro m  the lin e  under variou s c o n d itio n s  from  the  
site  sh o w n  by  the red arrow. T h is  s ite  w a s c h o se n  as the v en t is  e a s ily  a c ce ss ib le  
and it is  c lo s e  to the p erce iv ed  b o ttlen eck  o f  the system .
Figure 4.2.1 Photograph showing access port for collection o f limestone (in 
reverse to line diagram)
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Figure 4.2.2 Line diagram showing access port for collection o f limestone
In order to o b serve  i f  ou ts id e  am bient co n d itio n s m ay a ffec t the sa m p le , as am bient  
air is  u sed  to aid the transport o f  m ateria l into  the factory. T he am b ien t co n d itio n s  
in sid e  the factory m ay a ffec t the m ateria l as severa l v en ts are a v a ila b le  to the  
sy stem , as seen  in figure 4 .1 .1  and 4 .1 .2 . T he am bient tem peratures w ere  noted  
both  in sid e  and ou tsid e  the factory  during sam p lin g  and th ese  are sh o w n  in T ab le  
4 .2 .1 .
S a m p le  T im e  
T aken
A ir T em perature  
In side  (°C )
A ir H um id ity  
In side (% )
A ir  T em perature  
O u tsid e  (°C )
A ir  H um id ity  
O u tsid e  (% )
0 4 /1 2 /0 3  4p m 3 0 .7 2 0 .2 9 .5 8 1 .9
0 5 /1 2 /0 3  10am 2 8 .8 19.8 14.9 42 .1
0 8 /1 2 /0 3  5 :30am 16.2 2 8 .9 -0 .7 8 3 .5
0 8 /1 2 /0 3  7 :45am 2 0 .3 2 3 .9 -0 .9 8 1 .9
Table 4.2.1 Sample Information
T h e sa m p les w ere taken at app rox im ate ly  13 0 °C  from  the hop per and im m ed ia te ly  
put into a g la ss  jar that w a s sea led  w ith  a screw -o n  p lastic  lid .
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The samples were treated further in order to assess the amount of absorbed water.
In altering the amount of water, it was hoped that physiological changes could be 
seen. This was done by heating in an oven at 150°C for four hours, which is the 
temperature that the heated screw is maintained at in order to drive off moisture 
during processing. The samples were weighed before and after treatment in order to 
calculate the percentage water removed, which is shown below.
Sample Time 
Taken
Sample
ID
Jar (g) Jar + 
Powder (g)
After 
treatment (g)
Water Lost 
(wt%)
04/12/03 4pm 04_04H 204.95 231.69 231.33 1.331
05/12/03 10am 10_04H 204.95 247.47 247.41 0.141
05/12/03 10am 10_04W 204.92 240.64 240.59 0.140
08/12/03 5:30am 05_08H 205.36 226.83 226.74 0.419
08/12/03 7:45am 07_08H 204.89 226.75 226.66 0.411
Table 4.2.2 Drying Results
The same sample from 05/12/03 at 10am was taken and put in a small Carbolite 
ELF oven, with a tray of water next to the sample to observe if this increased the 
amount of moisture in the sample. The test showed that the presence o f water at 
this temperature could not increase the amount of absorbed water in the sample. 
Therefore, any moisture present in the screw would not be able to affect the amount 
of absorbed water until the material reaches the hopper and the temperature 
decreases.
It is difficult given the limited data to find a correlation between moisture content 
o f the sample and ambient weather conditions. The graph below shows inside and 
outside humidity and temperature with respect to the moisture content o f the 
samples.
54
70
>>2
E3
X
-50 0.4 0.6 0.80.2 1 1.2 1.4
Moisture Content of Sample (wt%)
Air Humidity Inside (%) X Air Humidity Outside (%)
■  Air Temperature Inside CO) X  Air Temperature Outside (O )
Figure 4.2.3 Graph showing approximate correlation between ambient 
conditions and humidity in sample
T h e sa m p les  taken from  the lin e h a v e  sh o w n  so  far that there m ay be lim ited  
correla tion  b etw een  am bient co n d itio n s both  in and ou tsid e  the factory , a lthough  
there is  inadequate in form ation  to co n firm  this. It is a d v isab le  for  future w ork  to  
te st the correlation  o f  f lo w  rates from  the hopper and m oisture con ten t o f  the  
sa m p le . I f a d ifferen ce  is  foun d , th is can  be com pared  w ith  the am bient co n d itio n s .
For th is reason , a further exp erim en t w a s con d u cted  in w h ich  sa m p les w ere  taken  
du ring a day  ev ery  hour from  the lin e  and the hu m id ity  in  the sa m p le  esta b lish ed . 
T h e sa m p les w ere  left at 150°C  o v ern ig h t and the am ount o f  w ater lo st  m easured . 
T h is  is sh o w n  b e lo w  in the graph, com p arin g  th is to am bient co n d itio n s .
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Figure 4.2.4 Graph showing change in ambient conditions and humidity in 
sample throughout a working day
T h e  h u m id ity  inherent in  the sa m p le  c h a n g es  through out the day and has a h igh  
v a lu e  at the b eg in n in g  o f  the day b efo re  the lin e  b eg in s. T h e  reason  for th is co u ld  
b e  that the sam p le  w as taken from  the top  o f  the hop per that had b een  left h eatin g  
o v ern igh t. S in ce  the top o f  the h op per is  ven ted  to en ab le  m oisture to e sc a p e , there  
is  the p o ss ib ility  that m oisture w a s in troduced  at a lo w  en o u g h  tem perature to be  
absorb ed .
L ater in  the day, the m oisture again  in crea ses, fo llo w in g  a d e la y ed  resp o n se  to 
o u ts id e  hu m id ity . T h is a lso  m ay b e  d u e to the stop -start nature o f  the p ro cess as 
interruptions take p lace. T h is is  sh o w n  in the fo llo w in g  graph that sh o w s the lin e  
sp ee d  ch a n g in g  throughout the day.
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Figure 4.2.5 Graph showing line speed variation throughout the day
It is  th erefore d ifficu lt to  esta b lish  a c lear  correlation  b etw een  lin e sp eed , a m b ien t  
c o n d itio n s  and m oisture in sam p le . For future stu d ies, it w o u ld  be prudent to 
co m p a re  th ese  lin e  sp eed s and throughput in the bu ffer  h op per w ith  the sea so n a l  
varia tions.
It is  reco m m en d ed  that the correlation  b e tw e en  the lin e  sp eed  and other data  
c o lle c te d  from  the lin e , such  as m ass in hop per  and tem peratures, be co n sid ered  
further. T h is  w ill  be  studied  in deta il under d ifferen t w eather c o n d itio n s  and  
se a so n s .
It is  a lso  su g g ested  that the tem perature in  the storage bunker be m onitored . It 
w o u ld  be prudent to con d u ct an exp erim en t to a ssess  i f  the tem perature o f  the  
storage bunker a ffec ts  i f  m oisture can be absorbed  in to  the lim esto n e.
4.2.2 An Investigation into the Material Properties of the Current 
Backing Filler Material
It is  im portant to fu lly  in v estig a te  the current back in g  fille r  m aterial in order to  
co m p are  to any  rep lacem en ts. I f  the current m aterial is fu lly  un derstood , in c lu d in g  
the m anner in w h ich  it is transported and f lo w s  around the site , then n e w  m ateria ls  
can  b e  co n sid ered  in the sam e w ay. T h is w ill  aid the im plem en tation  o f  the n ew  
m ateria l, as the p ro cess  c o n d itio n s  required w ill  be understood.
T h e  three m o st im portant characteristics o f  an in d iv id u a l particle  are its 
co m p o sitio n , its s ize  and its sh ape (C o u lso n , 19 9 9 , p i ) .  T h ese  n eed  to be  
ch aracterised  in order to understand the m ateria l behaviour.
T h e sa m p les  w ere  each  taken and a n a ly sed  b y  S E M , w h ich  p rovided  both  c h e m ic a l  
and v isu a l in form ation . T he SE M  resu lts from  the lim esto n e  currently  in  u se  can  be  
seen  b e lo w . T here is little  d ifferen ce  b e tw e en  the sa m p les taken from  the hop per or  
treated in  the o v e n  and c o n seq u en tly  o n ly  a se lec t io n  is sh o w n  here.
Figure 4.2.6 SEM photographs o f the sample taken from the hopper at 10am on 
4/12/03
Figure 4.2.7 SEM photographs o f the sample taken from the hopper at 10am on 
4/12/03 and dried
Figure 4.2.8 SEM photographs o f the sample taken from the hopper at 4pm on 
4/12/03
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T h e S E M  resu lts sh o w  that the lim esto n e  in u se  currently is  m o stly  c o m p o se d  o f  
CaCC>3 and C a M g tC C ^ h  w ith  very little  im purities. T h is lim esto n e  is  sh o w n  in the  
p reced in g  d iagram s e x h ib itin g  little  ch a n g e  in m o rp h o lo g y  b e tw een  sp ec im en s.
T h e  lim e sto n e  is  c o m p o se d  o f  large angular particles o f  app roxim ately  1Opm and  
sm a ller  fragm en ts w h ic h  w ere o f  the order 1pm . L im esto n e  is  an o x id e  and  
th erefore m ay be e x p ected  to read ily  so lid -sta te  sinter w ith  such  sm all fragm ents. 
H o w e v er , s in ce  the m eltin g  p o in t o f  lim esto n e  is  so  h igh , tem peratures near to 
2 /3 T m  are n ot a c h iev ed  during the p r o c ess in g  route and sin tering d o e s  not occu r.
T h e p artic les  are irregularly shaped  and sm a ll, so  m ay lend  th e m se lv es  to 
m ech a n ica l in ter lo ck in g  and surface attraction (C o u lso n , 1999 , p i 4 ). It m ay b e  that 
the m oistu re  tends to act as a bon d ing  agent, a lthough  this is not o b v io u s  from  the  
S E M  resu lts. T h e m oisture m ay g iv e  r ise  to surface ten sion  e ffe c ts  that m ay lead  to  
the f lo w  p rob lem s ob served .
P article  s iz e  d istr ibu tion  w ill  tend to g iv e  in form ation  about the f lo w  properties o f  
the m ateria l. For e x a m p le , i f  the p articles are sim ilar  s ized  and regular, f lo w  
properties w il l  be  better than irregular d iss im ila r  particles. A  sig n ifica n t am oun t o f  
particu late m ateria l b e lo w  10p m  w ill tend to a gg lom erate  as p articles interact and  
a g g lo m era te  in c lu sters.
In order to a sse s s  the current m aterial and o ffer  so m e  in sigh t in to  its behav iou r, a 
ty p ica l sa m p le  w a s taken from  the lin e  and sie v ed . T h is w as don e  u sin g  a b ra ss­
fram ed sta in le ss  steel m esh  s ie v e  co n fo rm in g  to  B S 4 1 0 /1 9 8 6  and M ettler  P I 2 0 0  
sc a le s  ca librated  to  B ritish  Standard. T he s ie v in g  to o k  ap p roxim ately  o n e  hour per  
sa m p le  to en su re  that an accurate d istr ibu tion  w a s  obtained .
Figure 4.2.9 Photograph showing sieves used fo r analysis
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This showed that with the sieving technique used, there were a large amount of  
fines and no particles above 212pm. The results from each sample were 
approximately the same with no macro change in particle size seen. A typical result 
is shown in Table 4.2.3.
„ T . , Weight o f Sieve Powder . Cumulative 
Sieve Size Weight of Sieve , „  , , Distribution . .
and Powder Weight Distribution
(pm) S (g) C (g) P=C-S (g) (%) (%)
500 336.10 336.10 0.00 0.000 0.000
300 316.71 316.71 0.00 0.000 0.000
212 312.70 312.70 0.00 0.000 0.000
150 297.35 297.36 0.01 0.026 0.026
75 293.37 295.52 2.15 5.560 5.586
53 288.87 295.02 6.15 15.904 21.490
Lid 271.55 301.91 30.36 78.510 100.000
Total 38.67 100 100
Table 4.2.3 Typical powder distribution o f current limestone
This distribution shows a large amount of material less than 53pm. It was shown 
that if a significant amount of that material is below 10pm then the flow  
characteristics will be poor. The flow characteristics will be very important 
industrially as they will help to determine the output rate o f product.
The SEM results in conjunction with the sieving results show that a significant 
amount of material is below the 10pm level and therefore the material may be 
expected not to flow freely. This was examined in a further experiment designed to 
demonstrate the flow properties of the material.
Samples were taken and an attempt was made to find the angle of friction of the 
powder. This is particularly important with regard to the designs of hoppers and 
bins as a correct angle in the hopper or bin will lead to faster flow through the 
system and consequently lead to faster through-put of product.
An experiment was set up to observe the flow of the limestone through a slot, and 
the pressure at the base of a column.
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Figure 4.2.7 Schematic diagram o f piston and flow through a slot (Coulson, 
1999, pl6,17)
Figure 4.2.8 Photograph showing experimental equipment
T h e a n g le  o f  fr ic tio n  ( a )  is  a m easure o f  the fr ic tion a l forces w ith in  the p o w d er  and  
g iv e s  an in d ica tio n  o f  the f lo w  properties under its o w n  w eigh t. T h e  p iston  p la ced  
at the b a se  o f  a vertica l co lu m n  and filled  w ith  sm a ll quantities o f  so lid . In th is 
c a se , the p isto n  w ill  m o v e , but there w ill  c o m e  a critica l length  o f  so lid , lc, w h ereb y  
i f  a fo rce  is  app lied , no m atter h o w  large, the so lid  w ill  not be able to be p u sh ed  up  
the tube. T h e  an g le  b e tw e en  this length  and the d iam eter  is  the ang le  o f  fr ic tion .
In the f lo w  through a s lo t, the m aterial is  a llo w ed  to f lo w  through a s lo t in the  
cen tre o f  the b ase  o f  a tw o -d im en sio n a l bed. T h e a n g le  b etw een  the c le a v a g e  
separating  stationary  and flo w in g  m aterial at the horizon ta l is the angle  o f  fr ic tion .
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It was found, however that the powder would not flow through the slot, even at 
elevated temperature and the piston could not be lengthened enough, which 
suggests a large value of a . This would mean that the powder is difficult to manage 
and a hopper design would have to be considered carefully. This task was therefore 
out-sourced.
Shear strength tests were carried out using a vertical shear cell o f Ajax design and 
wall friction tests using an Ajax long stroke translational device were performed on 
a stainless steel plate with a 2B finish. Bulk density was established using a 
standard measuring cylinder in an ‘as poured’ condition. In each case the sample 
was heated to 120°C to simulate process conditions.
The results from the Ajax results confirmed that the powder is difficult to handle, 
as shown by the high Hausner ratio (loose density/maximum density achieved 
through tapping).
As Poured (kg/m3) Tapped x 10 (kg/m3) Tapped x 70 (kg/m3) Hausner Ratio
976 1081 1359 1.39
Table 4.2.4 Bulk density variation and Hausner ratio
The friction angle was determined to be 25.1°, which resulted in a recommended 
minimum of 73.1° for a conical hopper and 63.1° for Vee hopper design as 
recommended by the British Materials Handling Board.
Mass flow experiments have shown that the material is difficult to handle and can 
become compact very easily. It is therefore recommended that the material be 
placed in constant flow to minimise consolidation. This could be achieved by 
improving the current aeration system in the hopper to dissuade ‘rat-holing’. It is 
also suggested that the system is emptied overnight to reduce the chances of the 
powder compacting with time.
Since the hopper angle used on-line is less than that required, another method of  
stimulating the material should be considered to increase flow. This may involve 
the use o f refurbished aerators at low pressures to encourage a constant stream of  
material.
It is also suggested that the hopper is fully emptied on each cycle to decrease the 
build-up o f stationary material on the side. If this material is left, it becomes more 
compact on each cycle, and so eventually leaves a tunnel of free space for the new 
material to flow. This reduces the effective angle o f the hopper dramatically.
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It is recommended that the material be assessed to discover the strength gathered 
over time, to simulate conditions in use. This experiment would also offer more 
information about the effects of processing on the material.
4.3 Analysis of Recycled Materials under Consideration as 
Replacement Backing Filler
The samples that are under consideration for use as a backing filler need to be 
thoroughly investigated before use. Both the current flow issues and any additional 
problems should be identified. These will be compared to those found with the 
existing material. A thorough analysis o f the material and its properties would aid 
the industrial implementation as there will be a greater likelihood of identifying 
potential problems.
Samples were taken in the ‘as-received’ state of post-industrial recycled limestone 
from LaFarge. These were from two sites Ashbury (LF_01) and Sheffield (LF_02). 
These were analysed using SEM and sieving. A bitumen mix was made from 
LF_01 using the filler to assess its properties and how those differ from the mix 
made from virgin materials.
The sieving results are as shown below, which reveal significant differences 
between the recycled filler and that currently in use (Table 4.2.3).
1 SiGVG W eight o f Weight of Sieve Powder Cumulative
. «  „ T . . Distribution 
SiZG Sieve and Powder W eight Distribution
(pm) S (g) C (g) P=C-S (g) (%) (%)
500 336.00 336.06 0.06 0.036 0.036
300 609.48 609.52 0.04 0.024 0.059
212 599.37 599.54 0.17 0.101 0.160
150 580.16 580.46 0.30 0.178 0.338
75 564.71 577.01 12.30 7.299 7.637
53 553.70 578.10 24.40 14.479 22.116
Lid 318.07 449.32 131.25 77.884 100.000
Total 168.520 100.000 100.000
Table 4.3.1 Table showing sieving results from LFjOl
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Weight of Weight of Sieve Powder 2  D is t f ib  Cumulative
Sieve Size
Sieve and Powder W eight UtiOPI Distribution
(p m ) S (g ) C (g ) P = C -S  (g ) (% ) (% )
500 3 4 5 .7 6 3 4 7 .3 3 1.57 0 .7 4 4 0 .7 4 4
300 3 1 6 .6 7 3 1 6 .8 9 0 .2 2 0 .1 0 4 0 .8 4 8
212 3 1 2 .8 0 3 1 3 .2 5 0 .4 5 0 .2 1 3 1.061
150 2 9 7 .4 2 2 9 8 .9 1 1 .49 0 .7 0 6 1 .767
75 2 9 4 .3 4 3 0 8 .0 4 1 3 .7 0 6 .491 8 .2 5 8
53 2 8 4 .3 3 3 1 2 .9 0 2 8 .5 7 13 .5 3 6 2 1 .7 9 5
Lid 2 7 1 .2 8 4 3 6 .3 4 1 6 5 .0 6 7 8 .2 0 5 1 0 0 .0 0 0
Total 2 1 1 .0 6 10 0 .0 0 0 1 0 0 .0 0 0
Table 4.3.2 Table showing sieving results from LF_02
A s a m ore c o m p le te  in v estig a tio n  o f  the m aterial, w h ic h  w o u ld  g iv e  so m e  
in d ica tion  o f  f lo w  properties in con ju n ction  w ith  the s ie v e  a n a ly sis , again  it w a s  
a sse sse d  u sin g  S E M . Larger particles w ere  s ie v e d  o u t and an a ly sed  separately  to  
g iv e  an in d ica tio n  o f  the m ix  o f  m ateria ls present. T h ese  are sh o w n  b e lo w  w ith  
each  e lem en t d escr ib ed  h ig h lig h ted  in w h ite .
Figure 4.3.1 LF_01 Figure 4.3.2 LFJ01 Oxygen
electron Image o f Particles>300jum
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Figure 4.3.3 LF_01 Silicon Figure 4.3.4 LF_01 Calcium
Figure 4.3.5 LF_01 Aluminium Figure 4.3.6 LF_01 Potassium
1.00 mm
Figure 4.3.7 LF_02
Electron Image o f Particles>300/m
Figure 4.3.8 LF_02 Oxygen
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Figure 4.3.9 LF_02 Silicon
Figure 4.3.11 LF_02 Aluminium Figure 4.3.12 LFJD2 Potassium
A lth o u g h  a sm all am oun t o f  large particles w ere  fo u n d  ( le s s  than 1% ), w h en  th ese  
am oun ts are sca led  up to industrial s ize , the am oun t n eed in g  to  b e  rem oved  from  
the lim esto n e  w ill be  around 3 0 0 k g  per day. T h e S E M  a n a ly sis  rev ea led  these  
p articles to have  an appearance that su g g ested  c le a v a g e  fa ilu re rather than an  
agg lo m era tio n  or sin terin g , w h ich  m ay su g g est hard m atter.
T h e se  larger partic les in the n ew  m aterial from  L F _ 0 2  m o stly  co n s is te d  o f  s ilica te s , 
w ith  a m ixture o f  m eta llic  o x id es . T h ese  p articles w ill  be hard and brittle and 
therefore u n lik e ly  to  be cru shed  under the current sy s te m s p r o c esse s  used . T he  
larger particles sh o w ed  c lear  d ifferen ces in the ty p es  o f  m ateria l present. The  
sm aller  particles (< 5 3 p m ) a lso  contain  s ilica te s , in d ica tin g  that quartz co u ld  be  
present. T h ese  w ill  b e  u sefu l as filler  in that they w ill  tend  not to react w ith  the 
p la stic iser  i f  they  rem ain  large enou gh  and their su rface  en erg y  d o e s  not b eco m e  
to o  great.
T h e larger p articles in the n ew  m aterial from  L F _01 again  c o n s is te d  o f  s ilica tes, 
w ith  a m ixture o f  m eta ls  present. H o w ever , there w a s  a lso  an eq u a l d egree o f  
ca lc iu m  and s ilic o n  present su g g estin g  that lim esto n e  m a y  a lso  be a constitu en t o f  
th is m ix. In both  c a se s , the sm aller  particles fo l lo w e d  a s im ila r  ch e m ic a l pattern as 
the larger particles.
Figure 4.3.10 LFJQ2 Calcium
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If the new materials are to be used in future as part of the backing filler then larger 
particles above 250pm will have to be completely removed by either sieving or 
crushing. The LF_02 sample will lend itself more to sieving to remove the larger 
particles because of their hard nature. The LF_01 sample could be sieved or ground 
further- although this would tend to further increase the fines in the material and 
expend a large amount o f energy.
LF_01 was used in a bitumen mix and the viscosity measured (Interface work 
instruction).
Crucible Empty 35.730 Crucible Empty 50.787
Crucible With Bitumen 37.758 Crucible With Bitumen 53.155
After 4 Hours @ 500°C 37.101 After 4 Hours @ 500°C 52.279
Ash Content 67.6% Ash Content 63.0%
Table 4.3.3 Table showing results from ashing test
Temperature (°C) Viscosity (67.6% Mix) Viscosity (63.0% mix)
145°C 207,000 200,000
150°C 165,000 193,000
155°C 145,000 174,000
160°C 115,000 140,000
165°C 93,000 120,000
Table 4.3.4 Table showing viscosity measurements
The ashing test shows what quantity of limestone is in the mix as the bitumen is 
burnt, leaving limestone ash. The viscosities o f both mixes are relatively high as 
they should be in the range 80000-150000 at 150°C. It is therefore suggested that 
the temperature of application is raised on line or other modifications are made to 
the material to reduce this.
The results from the viscosity tests show that LF_01 contains too many fines to be 
considered currently as the mix will be too thick for the current application system. 
Preliminary results from sieving to remove the larger particles show that some of  
these fines may be removed in this process (Kemutec, 2004). Part o f the continuing 
investigation will be to investigate sieving techniques that may be used on an 
industrial scale and would be implemented on-line.
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This investigation is ongoing and as part o f this, the new industrial sieving 
techniques will be investigated thoroughly. Experimental sieving will aid this 
investigation and preliminary results suggest that this method is promising. Other 
options to remove the larger particles will also be considered.
The SEM work has been useful in determining the chemical composition of the 
powder. However, this technique has not appeared to offer any advantage in 
determining changes in morphology due to atmospheric conditions. It would be 
prudent to analyse any future material under consideration using this method to 
leam more about the material.
Further investigation of the material is required before altering the filler in the 
bitumen mix. It may be possible to trial the filler on the bitumen line as the roller 
applicators will be more forgiving to larger particles than the PVC line that uses a 
scrapper system.
This investigation will be continuing for the next six months and a replacement 
filler will be sourced in this time. Industrial techniques for sieving o f the 
replacement fillers will be assessed and a range of options considered for this. This 
will result in the technique being implemented on-line and there will be a 
continuing monitoring of the flow of this material.
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5 Further Work
This project so far has focused on replacing existing materials in the current 
product. There are promising alternatives to the face yam and a fuller analysis of 
these is required. As part o f this, an investigation will be undertaken to assess the 
current flooring solutions in the market place with samples to be tested.
A full literature review will be produced by month 12 which will encompass the 
social and technical aspects of flooring and its impact on the environment.
Focus groups are being drawn up from the public and private sector to discuss 
innovative flooring solutions. These social research groups will be attended as part 
of an ongoing investigation to seek out new ideas. This will also involve an 
investigation into past papers on the correlation between quality of life and indoor 
conditions, which will form part of the literature review.
The backing filler will be replaced in the next six months and the processing 
conditions monitored as part o f a continuing investigation. The behaviour of the 
material will be supervised to assess if  seasonal conditions affect the flow 
properties.
The data collected from the line will be analysed within the next four weeks to 
obtain any useful and relevant data regarding the measured flow through the 
system. Experiments will also be set up to examine the change in material 
compaction over time and how this can be related back to processing conditions. 
These will also include the replacement fillers as this investigation continues. Any 
further candidates for replacement fillers will be investigated thoroughly using 
sieve analysis, angle o f friction tests and SEM.
The Gantt chart shows the approximate timelines o f the next steps of the project 
with the next six months in detail. There will be more opportunity to become 
involved in longer-term projects based at Interface, as there are fewer courses to 
undertake as the course progresses.
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Figure 5.1 Gantt chart showing four-year progress
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A bstract
“Interface is a ‘flooring solutions’ company with an impressive vision:
“To be the first company that, by its deeds, shows the entire industrial world what 
sustainability is in all its dimensions: people, process, product, place and profits - 
by 2020 - and in doing so we will become restorative through the power of 
influence. ”
The EngD research project will be to develop innovative materials and flooring to 
migrate the textile flooring products towards the company’s vision of 
sustainability. This will involve a holistic consideration of the supply chain from 
sourcing renewable raw materials, improving/re-engineering production processes, 
refurbishment, recycling, downcycling and disposal.”
The initial 6-Month report focused on the industry at present, current products in 
the marketplace and manufacturing processes. An understanding of the industry 
was attained and the driving force for change within Interface examined.
This report focuses on improving production processes in order to substitute 
material within the process. The report makes recommendations for process 
improvements to achieve the plant requirement of a line speed of 10 m/min.
This work will ultimately result in an increase in recycled material content in the 
product from 0% to nearly 70% by weight.
The report also continues the review into natural raw materials and their testing for 
use in the carpet tile. The manner in which British and international standard 
testing procedures may be applied to an entirely innovative and new flooring 
solution are examined.
The continuing work will draw focus away from traditional methods o f carpet 
construction and concentrate on completely new and innovative flooring solutions. 
As part of this, the relationship between customer and product will be examined 
further.
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1 Introduction
1.1 6-Month Report
The first 6-Monthly report described the preliminary investigation into developing 
innovative flooring solutions. It described the history of Interface Inc, the world’s 
largest manufacturer of carpet tiles. It is a world leader in industrial ecology and 
first set out its vision in 1994:
“To be the first company that, by its deeds, shows the entire industrial world what 
sustainability is in all its dimensions: people, process, product, place and profits - 
by 2020 - and in doing so we will become restorative through the power of 
influence.”
Since this vision was set out and the quest began for a sustainable company, many 
advances have been made in the reduction in carbon intensity by a third, use of 
100% renewable energy in Shelf Mills, reduction of greenhouse gases by 46% in 
absolute terms, reduction of water usage by 78% per carpet tile, the Evergreen 
lease and RE:Entry systems (Interface sustainability, 2004). However, the basic 
product that the company produces remains the same- a carpet tile.
In order to become fully sustainable, Interface requires innovative flooring 
solutions that are from renewable resources, recycled, fully recyclable, with no 
waste stream and made with 100% renewable energy. There are currently no 
products within the marketplace that can make this claim.
The initial part of the project was to examine the industry at present, looking at 
manufacturing methods, current products and their perceived benefits and 
disadvantages.
The 6-Month report also introduced the investigation into flow problems associated 
with the tile backing filler material and alternative materials for tile backing, which 
is concluded in this report.
Focus groups were also attended, as suggested in the 6-month report, investigating 
the public perception of the floor, which has lead to further innovation.
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1.2 Continued Work
The Engineering Doctorate programme has continued to be followed with modules 
completed in Hands on Audit, Environmental Risk Assessment and Team Building 
and Leadership Awareness.
This report further extends the work begun in the 6-Month report with regards to 
finding an alternative for the backing filler. The report focuses on the impact o f 
processing conditions on material transportation and aims to conclude with 
recommendations for controls of these processing conditions.
Once these conditions can be enforced to renew confidence in the processing of 
material, an alternative filler may be sought. Candidate replacement filler will be 
assessed and recommendations made for its use.
This report continues to investigate replacement materials for the current carpet 
construction. These materials should be renewable, recyleable, biodegradable, 
recycled or preferably a combination. A review continues of these replacement 
candidates.
This 12-Month report focuses on replacement materials for the traditional carpet 
tile construction and hopes to identify some possible candidates. The face yam and 
backing filler are the principal constituents considered in this report.
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2. A n Investigation Into Flow  Problem s Associated with  
Tile Backing Filler M aterial
2.1 Introduction
As described in the 6-Month report this investigation has arisen as a result o f the 
continuing need to introduce a greater amount o f recycled content into the products 
manufactured by Interface. Despite many advances on issues relating to 
sustainability, since the 2010 vision was set out, the basic goods produced by 
Interface Europe have not changed significantly.
The greatest increase in recycled content in the product can be achieved by 
replacing the greatest ingredient by weight- limestone. If this virgin feedstock can 
be replaced and when used in conjunction with recycled yam there will be an 
increase to nearly 70% recycled content from zero.
In order to change the virgin limestone for a product arising from another waste 
stream, the process and material must first be understood. It was perceived that 
flow problems with the limestone were causing delays in production, as material 
could not be delivered rapidly enough.
In short, the equipment was not performing as required with the current material 
and therefore an alternative material would not yet be viable.
The purpose of this investigation is to alter process settings and understand 
material characteristics such that the line achieves a process speed of 10 m/min.
In order to fully understand the problems that may be encountered with the 
substitution of backing material filler, the processing conditions must first be 
understood and improved, processing parameters defined and future 
recommendations made.
The substitute material will then be fully investigated and recommendations made 
for its use.
2.2 Review of Processing
The patented Graphlex backing system is constructed using a double layer o f glass 
fibre reinforcement with a non-woven polypropylene backing and bitumen mix to 
seal the system together, see figure 2.1.
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Double layer of 
bitumen and
polym ers
Coating
Pile made according 
to the most modern 
tufting techniques
Neil-woven polypropylene 
backing
Doiijte layer of fibre 
glass
Figure 2.1 Illustration o f Graphlex backing system (Interface Europe, Backing 
Systems, 2003)
T h e b a ck in g  sy stem  is a ssem b led  b efo re  the b ro a d lo o m  yarn is app lied . T he  
fib reg la ss  and p o ly p ro p y len e  b a ck in g  sy s tem s are brought togeth er w ith  the  
b itu m en  m ix  app lied  at the rollers as sh o w n .
Bitumen mix
Rollers ^  ™
Applicators
Polypr opvlene and 
fibreglass backing
Figure 2.2 Illustration o f backing material being constructed
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Figure 2.3 Photograph o f bitumen mix being applied at rollers to fibreglass and 
polypropylene backing
A n o th er  layer o f  fib reg la ss  is  added and b itu m en  is  la id  on  top in the sam e m anner  
as b efo re , through an add itional se t o f  ro llers.
P ro cess con tro ls at this p o in t ensu re that the appropriate am oun t o f  b itum en m ix  is  
app lied  at the appropriate tem perature and v isc o s ity  in order to m aintain  a c o h e s iv e  
b a ck in g  sy stem  w h ilst  avo id in g  p ro b lem s, su ch  as ‘strike through’ and ‘tear o u ts ’ .
In strike through the b itum en travels through the b a ck in g  m aterial and is v is ib le  on  
the su rface, rendering the m aterial b e lo w  grade. T ear-ou ts can a lso  o ccu r  at th is  
se n s it iv e  p o in t in the p rocess, as larger p artic les  or o ther issu es  ca u se  tears in  the  
b a ck in g  m ateria l, w h ich  traverse a lo n g  th e  len gth  o f  the sy stem  and again  render  
the m ateria l b e lo w  grade.
It is  therefore im portant that the b itum en  m ix  that is  app lied  is c o n sisten t in its  
p roperties, or  that process con tro ls are in p la ce  su ch  that the properties can be  
altered  read ily , or safeguards put in p la ce  to reduce the occu rren ce  o f  fau lts.
O n ce  the b a ck in g  sy stem  is  co m p leted , the tufted  y a m  is  p laced  on  top (se e  b e lo w ), 
it is  c o o le d  and su bseq u en tly  so lid if ie d  u s in g  refrigeration .
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Figure 2.4 Broadloom system being completed as yarn is placed on backing
T h e m ateria l is  then cu t to s iz e  in 5 0  c m  x 5 0  c m  squares, resu ltin g  in so m e  
‘w in d o w  w a s te ’ that is currently d iscarded- a lth ou gh  alternatives are b e in g  sou gh t.
Figure 2.5 Tiles being cut from broadloom system
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Since the fibreglass, polypropylene and face yam are sourced external to Shelf 
Mills, the bitumen mix is the part o f the process over which there is maximum 
internal control.
The mix is made up of approximately 66% virgin limestone and 34% pre-modified 
bitumen.
The bitumen is delivered and then stored in external tanks at elevated temperature. 
The limestone is also stored externally in tank D before being drawn into the 
system using a series of air blowers to move material.
Hfgh Loyal Alarm
COLT t 
STORAGE BUNKER
H is ;  P /0 4  royl rfsjEET; ae&am 
M I E :  A J 0 . - W - S 6  PfV • 10 IfW
LIMESTONE 
SECTION 5
LIMESTONE DISCHARGE EQUIPMENT
Figure 2.6 External limestone storage tank leading to colt limestone storage 
bunker
The limestone is then stored at ambient conditions in the internal sealed colt 
limestone storage bunker. Motor 53 then drives it into the heated screw, LH5, 
which is seen at the right of the following diagram.
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Figure 2.7 Compound mixing showing heated screw
This screw heats the limestone using a metal jacket filled with thermal oil. This 
generally heats the limestone to around 150°C, which will drive o ff some o f the 
moisture in the system at the vent.
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Figure 2.8 Colt limestone storage bunker leading to limestone heater, LH5
T he aero m ech a n ica l c o n v ey o r  draw s the l im esto n e  upw ards at an approxim ate rate 
o f  2 6 0 0  kg/hr. T h is  co n v e y er  is in su la ted  in order to  try to  m ainta in  the e lev a ted  
lim esto n e  tem perature. M ore m oisture can then be driven  o f f  at the top vent.
T h e lim esto n e  then f lo w s  in to  the heated  storage bunker, S B 5 6 , w h ere  the m aterial 
m ay be h eld  for  so m e  tim e. A  sy stem  o f  air b lo w in g  aga in  is  u sed  in an effort to  
ensu re that the m aterial d o es  not stagnate and settle . A t th is p o in t in the sy stem  
there is a v ibratory probe, L T 5 6 , w h ich  m easu res the m a ss o f  m aterial in  the  
bunker.
T h e screw  c o n v e y o r  is driven  by  m otor M 5 7 , w h ich  m o v e s  m ateria l into the 
w e ig h e d  bunker, W B 5 8 .
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WB58
Screw Conveyor
Figure 2.9 Internal limestone conveyance system
W B 5 8  is d e s ig n e d  to h o ld  2 1 0  k g  o f  m aterial that w ill  be d o sed  into  the m ix , w ith  a 
m argin o f  4 0  kg. A  load  c e l l  accu rately  m easu res the am ount o f  m aterial in W B 5 8 .
T h e app licators draw  a b itum en  m ix  from  the co m p o u n d  tank, C T 30 , at a rate that 
w ill depend  on  the b a ck in g  w e ig h t, fa ce  y a m  type and con stru ction , lin e sp eed  and  
a num ber o f  o th er  variab les.
T h e lev e l o f  C T 3 0  is  m easured  u sin g  a rad ioactive  probe. A t lo w  lev e l, a sig n a l is  
sen t for  the co m p o u n d  m ixer , C M 2 8 , to dum p another load  in to  the tank. A fter  the  
load  is  d u m ped , the co m p o u n d  m ix er  then n eed s to  b eg in  m ix in g  another batch.
T h e p re -m o d ified  b itum en b eg in s  to enter the co m p o u n d  m ix er  b efore  the d o s in g  
screw  b e g in s  to draw  o f f  the 2 1 0  k g  in the w e ig h te d  bunker.
T h e w e ig h ted  bunker w ill  then refill by  draw in g  o f f  m aterial from  S B 5 6  v ia  the 
screw  co n v e y o r  and the sy stem  is su p p lied  again.
In order to ca lcu la te  h o w  fa st th is m ix  m ust be, w e  first n eed  to co n sid er  the 
m aterial c o m p o sitio n . A  sam p le  w a s taken from  the p ro cess w ith ou t fa ce  yarn o f  
100 c m 2 o f  m a ss 3 1 .4 9  g. T h is eq uates to 3 1 4 9  g  m ‘2.
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The composition o f the backing at this time was two sheets o f fibreglass of total 
mass 69.90 g m'2 and one polypropylene sheet o f mass 45.00 g m'2'
Therefore the bitumen mix made up 3034 g m‘2. Of this nominally two thirds was 
limestone, i.e. 2023 g m'2.
Since the material is 2 m wide, in order to achieve a line speed o f 10 m/min, 
corresponding to 20 m2/min, limestone must flow at 20 x 2023 = 40.5 kg/min.
If a batch size is 210 kg, then the weighted bunker, WB58, must empty and fill in a 
time of 210/40.5 = 5.18 min, i.e. 5 minutes and 11 seconds.
If this time can be achieved successfully during typical processing conditions, then 
it will be known that the mix can deliver a line speed o f lOm/min and it will no 
longer be a hindrance to performance.
If the progress of the mix from applicators back to delivery point is followed, it can 
be seen that the parameters of the process that the operators can control are:
At the applicators:
•  Weight and tension of fibreglass
•  Weight and tension of polypropylene
• Transverse movement
•  Line speed
• Carpet tension
• Distance between rollers.
At the compound tank:
•  Motor drawing off bitumen mix.
At the compound mixer:
•  Temperature o f thermal oil surrounding mixing tank
• Duration of mix.
At the bitumen tanks, kept hot from delivery:
•  Thermal oil jacket controls temperature
• Number of cycles in system contributes to temperature control
At the storage bunkers:
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•  Start fill level
•  Stop fill level
•  Thermal oil temperature
• Maximum air pressure for agitation
• Duration o f air blowing
If these parameters can be controlled successfully, it may be that the material flow 
required can be achieved. The next step in this investigation is to analyse the 
various parts of the process and their controls in order to facilitate greater 
movement o f bitumen mix to the applicators.
2.3 Analysis of the Individual Parts of the Process
2.3.1 Bunker Dimensions
It has been identified that the critical movement o f limestone material in the system 
is from the heated storage bunker, SB56, to the weighted bunker, WB58, and 
consequently dosing from WB58 to the compound mixer, CM28.
It was decided initially to assess whether mass flow could be maintained through 
the bunkers without assistance from further agitation methods. The results from 
experiments included in the 6-monthly report showed that the material did not flow 
readily.
Shear strength tests were carried out using an Ajax vertical shear cell. Wall friction 
tests using an Ajax long stroke translational device were performed on a stainless 
steel plate with a 2B finish.
The friction angle was determined to be 25.1°, which resulted in a recommended 
minimum angle o f 73.1° for a conical hopper and 63.1° for Vee hopper design, as 
recommended by the British Materials Handling Board (Ajax, 2004).
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Figure 2.10 Current hopper dimensions
The dimensions of the current hopper design (see above), do not meet these 
requirements. It was noted that agitation was required in order to move material 
readily through the system.
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H o w ev er , ch a n g in g  th e  c o m p le te  h op per d es ig n  w a s d e e m ed  inappropriate as the  
sy stem  w as d e sig n e d  to a c h iev e  the required m aterial m o v e m e n t in order to sa tisfy  
requirem ents for  a lin e  sp eed  o f  10 m /m in .
2.3.2 Investigation of Agitation within Storage Bunker
In the current set-up , the heated  storage bunker, S B 5 6 , u tilise s  b lo w n , dried air to  
agitate  m aterial in sid e . T h is  m eth od  w a s p rov in g  in e ffe c t iv e  w ith  b lo ck a g es  
reported freq uently  and m ateria l o b v io u sly  b u ild in g  up around the e d g e s  o f  the 
hopper.
Probe reg^ers drop in mass
■Aerator
Air at lew pressure
causes collapse of rat-hole
Figure 2.11 Aerator design
T h e m anner in w h ich  the lim e sto n e  sh ou ld  be ag itated  n eed  to b e  con sid ered  
ca refu lly  as in v estig a tio n s  o f  the p ow d er  sh o w ed  that it is prone to pack in g  read ily .
E xperim ents co n d u cted  o n  the m ateria l sh o w ed  that from  a lo o se  p ack ed  d en sity  o f  
around 9 0 0  kg  r n 3, after  s ie v in g  through a brass s ie v e  o f  5 0 0  p m , the d en sity  o f  the 
lim esto n e  co u ld  in crea se  to 1 4 0 0  kg  m f3. T h is  can in crease  b y  a further 4%  o v er  
tim e w ithou t further ag ita tion . T he average o f  5 resu lts is sh o w n  in the table b e lo w .
A v era g e  in itia l un tapped  
v o lu m e  (kg  m '3)
T ap p ed  x  60  
(k g  m"3)
T app ed  x 9 0
(k g  m '3)
O vern igh t  
(k g  r n 3)
4  D a y s  
(kg  m '3)
8 9 8 1 1 4 2 1386 1394 1441
Table 2.1 Results from tapping experiments showing increase in powder bulk 
density
It fo l lo w s  from  this that in the aerator a m eth od  o f  ag ita tion  that u tilises  least 
v ibration  is desirab le.
Upon investigation of the aerators within the hopper, it was discovered that during 
a clear-up process, designed to remove the compacted material at the edges of 
SB56 by mechanical means, the pads providing the air blown system had become 
damaged.
The pads were aerators designed to blow air into the limestone at low pressure in 
order to facilitate its flow. Immediate action followed to replace the aerators that 
resulted in an immediate improvement in flow.
The external controls available on the aerators enabled the time o f aeration and 
maximum pressure to be altered. At a line speed of 8.1 m/min (variable), these 
parameters were altered for a minimum of 45 minutes in order to observe any 
variation in the flow rate o f material from the weighed bunker.
The results showed that over the range of parameters investigated, a pressure of 0.6 
bar and time on: off o f 4.5 seconds: 1.5 seconds offered the least time o f fill and 
empty of WB58.
Pressure (bar)
Average Empty 
(min:sec)
Average Fill 
(min:sec)
Total
(minrsec)
0.9 02:29 04:18 06:47
0.8 02:29 04:34 07:03
0.7 02:26 03:47 06:13
0.6 02:29 03:14 05:44
Table 2.2 Effect of variation in air pressure of aerators on average empty and fill 
times of WB58 (time on: time off set at 4.5:1.5)
Time On: Off 
(sec)
Time On (%)
Average Empty 
(min:sec)
Average Fill 
(min:sec)
Total (min:sec)
4:0 100 02:25 03:20 05:45
10:1 91 02:30 03:59 06:29
4.5:1.5 75 02:30 03:14 05:44
4:4 50 02:27 03:25 05:52
1.5:9 14 02:28 03:40 06:08
0:4 0 02:27 04:38 07:05
Table 2.3 Effect of variation in time on: time off of aerators on average empty 
and fill times of WB58 (air pressure set at 0.6 bar)
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WT58 was chosen as the probe, as it has been shown that the required fill and 
empty time of this bunker for the desired line speed of 10 m/min is 5 minutes 11 
seconds. WT58 is also a load cell, more accurate than the vibratory probe LT56.
With the changes made to the aerators, it was shown that the time could be reduced 
to 5 minutes 44 seconds- a great reduction on the original timings of over 7 minutes 
without aeration.
It is therefore shown that changing the method of agitation in SB56 increases the 
flowability o f the material and consequently its movement into WB58 and reduces 
the time needed for each mix.
2.3.3 Batch Size/Mass in Bunker
In order to increase the amount of bitumen mix reaching the applicators in any 
given time, more material must flow from the compound tank. A bigger batch size 
within the same time would satisfy this need. However, the compound mixer takes 
110 seconds per mix. It has been shown that material cannot fill the weighted 
bunker, WB58, within this time limit. Since this rate will not be increased by a 
bigger batch size, the only consequence will be a greater time to fill and empty 
WB58. Therefore a bigger batch would not increase the amount o f material arriving 
at the applicators.
The mass transferred from WB58 to the compound mixer is therefore 210kg per 
mix. Throughout previous experiments it has been shown that the transfer of 
material from WB58 to the compound mixer takes approximately 2 minutes 30 
seconds. The design of the dosing screw indicates that a rate o f 3.1 kg/s can be 
achieved, when ordinarily only 1.4 kg/s is achieved.
The settings of the bunker are such that it begins to fill at 200 kg and reaches high 
level at 232 kg. Therefore there is little scope for variation in the emptying of this 
bunker, as it needs to be filled as soon as possible. Observing the measurements 
from the weighted probe, WT58, it can be seen that the bunker always reduces to a 
very low level and therefore changing the fill levels will have little effect.
90
M
as
s 
(k
y|
300 t -T  9
250
■•7
200
150
100
- - 2
12:00:00 12:14:24 12:28:48 1243:12 1257:36 13:12:00 1326:24
Time |hh:mm:$sj
I —  LT 56  WT 58 DB 20_DW46 [
Figure 2.12 Graph showing typical values for WT58, LT56 and line speed 
(DB20JDW46)
H o w ev er , in the cou rse  o f  u sual operation s, the perception  is  that in  order to  
in crea se  the am ount o f  m ateria l f lo w  through the system , S B 5 6  sh o u ld  rem ain as 
fu ll as p o ss ib le . R esu lts  from  the probe L T 56  sh o w  that S B 5 6  c o n tin u o u sly  
co n ta in s m aterial. T h is is  sh o w n  in figure 2 .1 2 .
W T 5 8  sh o w s the fillin g  and em p ty in g  o f  the w e ig h ed  bunker. A s  it b eg in s  to  em p ty  
m aterial m o v es  in to  the co m p o u n d  m ixer  through the d o s in g  screw . O n ce  the  
w e ig h e d  bunker has du m ped  the appropriate am ount o f  m aterial, it can  b eg in  f illin g  
again .
A s  the screw  co n v ey o r  b e g in s  to  m o v e  m aterial from  S B 5 6  to W B 5 8  it can  be seen  
that L T 5 6  b eg in s to drop as W T 5 8  in creases. T he aerom ech a n ica l c o n v e y o r  draw s  
m aterial into  S B 5 6  as the lo w  fill  lev e l o f  S B 5 6  is reached . A t the m a x im u m  fill  
le v e l  o f  W B 5 8 , W T 58  is  again  at its m axim um , w h ilst L T 5 6  is  at m in im u m . T h e  
aero m ech a n ica l co n v e y o r  co n tin u es  to  draw m aterial in to  S B 5 6  and so  L T 5 6  
c o n tin u es to rise to its m ax im u m  fill  lev e l. It is at th is p o in t that the a erom ech an ica l 
c o n v e y o r  w ill  c ea se  and the f ill  le v e l rem ains constan t until m ore m aterial is 
required.
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T h e p eak s on L T 56  and W T 5 8  sh o w  w h en  v a lv e s  are o p en ed  to  the screw  
c o n v e y o r  and the d o s in g  screw  as a back-p ressure ca u ses  a fa lse  m a ss read ing on  
the probes.
A t a lin e  sp eed  o f  7 .5 m /m in  the b eg in  f i ll  and stop fill  le v e ls  o f  S B 5 6  w ere  changed  
in  order to try to d ecrease  the f ill  tim e o f  W B 5 8 . T he settin gs w ere  kept for a 
m in im u m  o f  30  m in u tes and resu lts sh o w n  b e lo w .
Range (kg) Empty Time Fill Time Total
2 1 0 -2 2 0 0 :0 2 :2 7 0 :03:51 0 :0 6 :1 8
1 2 5 -1 5 0 0 :0 2 :2 4 0 :0 3 :3 6 0:06:01
1 2 5 -1 4 0 0 :0 2 :2 8 0 :0 3 :2 8 0 :0 5 :5 6
1 3 0 -1 4 5 0 :0 2 :2 6 0 :0 3 :1 7 0 :0 5 :4 3
Table 2.4 Showing variation in fill time o f WB58 with variation in material in 
SB56
T a b le  2 .4  sh o w s that red u cin g  the am oun t o f  m aterial rem ain in g  static  in W B 5 6  
can  reduce the f ill  tim e o f  W B 5 8  by  35  seco n d s.
300
250
200
150
100
11:02:21 11:09:36 11:16:48 11:24:00 11:31:12 11 :38:24 11 :45:36 11:52:48 12:00:00
Time (hh:mm:ss)
I WT5S  LT56 I
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Figure 2.13 Graph showing fill and empty levels of SB56 and effect on WT58
Figure 2.13 shows that LT 56 is fully empty for approximately 1 minute and 30 
seconds consistently. During this time, material is flowing directly from the slower 
aeromechanical conveyor to the screw conveyor. Therefore the system is not 
performing at its optimum
Taking the above sample for this day, it can be seen that if the correct adjustments 
can be made to WB56 so that it empties to a minimum every time (a reduction o f 1 
minute 30 seconds of direct transfer from the slower aeromechanical conveyor at
0.72 kg/s to the screw conveyor at 1.2 kg/s), then the fill time of WB58 can be 
further reduced.
If the differences in the rates o f the conveyors are taken into account, the material 
over this time that is transported from the aeromechanical conveyor is 64.8 kg, 
whereas if it were direct from the screw conveyor the time taken for this amount to 
be transported would be 54 seconds. Therefore a further 36 seconds could be saved 
if  the material during this time were direct from SB56 to WB58 and not from 
further back in the system.
Therefore, if the system is set up to enable WB56 to fully empty and then refill and 
the same time as WB58 is emptying, the cycle time can be reduced from the 
observed time of 5 minutes 43 seconds to 5 minutes and 7 seconds. This is within 
the time limit of 5 minutes 11 seconds required.
2.3.4 Hold Time
It has been shown that the shorter the period of time for which the material remains 
static, the more efficiently it will flow through the system and into the compound 
mixer.
The amount of time for which the material is stagnant will depend on three factors,
1.e. the maximum fill level, the minimum fill level and line speed. If the line speed 
is low, then the fill levels of SB56 need to remain low, in order that WB58 fills 
slowly and the material remains stagnant for the minimum time
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2.3.5 Performance of Modified System
D u ring  the cou rse  o f  th is in v estig a tio n , the inverters attached to the m otors M 5 4 ,  
M 5 7  and M 5 9  w ere  increased  in order to  try to  increase  the m aterial m o v em en t  
through out the system . D ata  record ed  at 10 m /m in  sh o w ed  that the m otors had  
in crea sed  the d e livery  rates o f  the a ero m ech a n ica l co n v ey o r  and screw s by  a sm all 
m argin , e v en  though S B 5 6  did not em p ty  fu lly  again .
Aeromechanical conveyor 
(kg/s)
Screw conveyor 
(kg/s)
Dosing screw 
(kg/s)
B efo re 0 .8 0 1.05 2 .4 0
A fter 0 .8 5 1.08 2 .8 0
Table 2.5 Showing increased rates caused by motors
300 T
2S 0 -
200
150
100
  0
12:43:1212:00:00 1207:12 12:14:24 12:21:36 12:28:48
T im e lltf» :rm is s >
1 WT58 LT56 DB20_DW4S j
Figure 2.14 Graph showing line running at lOm/min
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With the range of modifications in place, the data above has been taken from a 
lOm/min line trial. It clearly shows a consistent fill time of WB58 of 3 minutes 14 
seconds and empty time of average 1 minute 15 seconds. This total cycle time of 4 
minutes 29 seconds is well below that required by the line speed o f lOm/min.
2.4 Introduction of Alternative Limestone Supply
2.4.1 Background and Scope
It was thought originally that changes in material properties, evident during 
delivery differences, were responsible for the perceived ‘bottle-neck’. However, it 
has been shown in the previous section that any material differences can be 
compensated for within the processing parameters.
A  further part o f this investigation was to assess the changes in material properties 
throughout normal processing and complete a comparison with candidate 
replacement materials.
This investigation compares some promising candidates that arise from the waste 
stream o f an external source. Recent trials with these candidates show that 
processing parameters can be altered to compensate for these material changes.
The virgin feedstock material was examined in the 6-monthly report and compared 
to an alternative LF_01. Further information can be found in the next section.
In addition, LF_01 was sieved using an external process and this was compared to 
the standard as-received LF_01.
The candidate materials were introduced to the system at the limestone heater, LH5 
and continued in the normal process cycle to the applicators in the bitumen mix 
where they were applied as part of the backing system.
The three most important characteristics of an individual particle indicating its 
capacity for flow are its shape, size and composition (Coulson, 1999). These are 
considered in the next section.
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2.4.2 Material Characteristics
a) Chemical Composition
S E M  a n a ly sis  from  p rev io u s w ork  in d ica tes that the virgin  fe ed sto ck  is m o stly  pure  
m ateria l. T here w o u ld  therefore be greater prob lem s w ith  the in troduction  o f  
alternative  f ille r  and d ifferent c h e m ic a l in teraction s co u ld  occur. T he pure m aterial 
d o e s  n ot su ffer  m any ad verse  c h e m ic a l reaction s, as it is  a rela tiv e ly  stab le  
m ateria l.
E x p er im en ts u sin g  the candid ate  a lternative  as f ille r  w ill sh o w  i f  p rob lem s are 
en co u n tered  in m aking  a h o m o g e n e o u s b itu m en  m ix  (se e  sec tio n  2 .4 .4 ) .
b) Particle Shape
S E M  a n a ly s is  w a s con d u cted  (Carter, 2 0 0 4 )  sh o w in g  the p articles from  
rep la cem en t candid ates and v irg in  fe e d sto c k  are irregularly sh aped  (se e  b e lo w ).  
T h is tends to lead  to poor  flo w a b ility  (C o u lso n , 1999).
Figure 2.15 SEM analysis showing typical original virgin material
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Figure 2.16 SEM analysis showing larger particles from replacement candidate
H o w e v er , a n a lysis o f  particle  shape co u ld  o n ly  ascertain  that the rep lacem en t  
ca n d id ate  appeared to c o m e  from  c le a v a g e -ty p e  fractures. B oth  w ere a sse sse d  to be  
p o o r  sh a p es for  f lo w .
c) Particle Size
E x te n s iv e  in v estig a tio n s  w ere  carried out regarding particle  s ize . S a m p les o f  the  
ca n d id ate  m aterial w ere  taken b efore  and after p ro cessin g  through the 
a ero m ech a n ica l co n v ey o r  and com pared  to the v irg in  fe ed sto ck  standard. T h is  w as  
co n d u cted  u s in g  the s ie v in g  m eth od  d escr ib ed  in the 6 -m o n th ly  report.
Particle size distribution (%) microns
Type > 3 0 0 3 0 0 -2 1 2 2 1 2 -1 5 0 1 5 0-75 < 7 5
U n -s ie v e d  - A s  rec iev ed 2 .2 0 4 .0 0 5 .4 0 6 2 .2 0 2 6 .2 0
U n -s ie v e d  - A fter  screw 0 .3 7 0 .9 6 3 .2 2 7 0 .4 0 2 5 .0 5
S ie v e d  - A s  rec iev ed 0 .0 8 0 .3 0 3 .4 8 6 8 .4 8 2 7 .6 6
S ie v e d  - A fter  Screw 0 .0 0 0 .6 0 4 .5 0 7 5 .5 0 1 9 .4 0
Standard aggregate 0 .0 5 0 .2 4 0 .3 9 8 5 .1 0 1 4 .2 2
Table 2.6 Sieve analysis o f candidate replacement filler (LF_01)
T h e  a n a ly s is  sh o w s that there are larger partic les present in the cand id ate  f ille r  
w h en  u n -s iev e d . It is  thought that th ese  p artic les m ay ca u se  tear-outs w h en  they  
arrive at the applicators. H o w e v er  e v id en ce  from  the trial in d ica tes that no  
p ro b lem s w ere  encountered , e x ce p t for  a num ber o f  short draglin es.
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2.4.3 Moisture Content
Moisture is introduced into the sample below 70°C. This moisture will not cause 
visual changes to the material (SEM analysis shows this), but will probably interact 
with the limestone causing it to become more ‘sticky’ and difficult to flow. The 
current processing conditions can drive off moisture effectively to below 0.3%, but 
this can vary throughout the day.
„ Comparing the moisture in the materials after the aeromechanical conveyor shows 
that the candidate materials contain considerably more moisture at any given time
(See below).
Type Normal Sieved Un-sieved
Moisture (%) 0.075 0.25 0.11
Table 2.7 Moisture variation during trial
However, monitoring of the virgin material at this vent in SB56 has shown that 
moisture can vary considerably with processing, compensating for these changes. 
Therefore, it is believed the processing changes can compensate for any changes in 
material properties encountered.
2.5 Bitumen Mix
The increase in smaller particles, in the LF_01 material, may cause an increase in 
viscosity o f the bitumen mix as they will have a greater surface area per unit mass. 
Therefore samples were taken from the applicators during the trial and compared to 
standard.
Samples were taken from the compound tank, CT30, and compared to the standard 
mix. Mixes 2 to 4 were the sieved filler, 5 to 7 were the un-sieved filler and 1 and 8 
were mixed with the standard filler.
Std
Filler
Secondary Aggregate Filler
Mix 1 2 3 4 5 6 7 8
% Filler 69.52 69.65 69.69
150°C 103,000 126,000 147,000 186,000 164,000 153,000 129,000 143,000 118,000
155°C 83,8400 96,000 121,000 166,000 139,000 127,000 121,000 119,000 97,600
165°C 60,800 65,000 85,000 101,000 107,000 95,000 98,000 96,000 73,600
Table 2.8 Viscosity changes of bitumen mix during trial measured at temperature 
(mPa.s)
This data shows clearly that the candidate for replacement filler possesses viscosity 
at the upper end and beyond of the standard specification o f 80,000- 150,000 mPa.s 
at 150°C.
However, processing controls are in place via the heating system, which may alter 
the temperature of application of the bitumen and enable it to be a viable 
alternative.
2.6 Summary
Initially it was theorised that changes in material properties would compromise the 
ability o f the process to achieve the desired throughput o f lOm/min. This 
investigation has shown that processing conditions can be varied such that they can 
facilitate the material flow and achieve the desired throughput consistently.
This result means that the virgin feedstock can be substituted in the process with 
confidence in the machinery, process and method.
As a consequence the substituted material could be from a recycled source, and 
when used in conjunction with Interface’s recycled face yam this results in an 
immediate increase to over 70% recycled product content.
It is recommended that the candidate replacements be taken to full large-scale 
trials.
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3. Alternative Materials
3.1 Background
In order to achieve the vision of Interface set out in 1994, the basic materials that 
make up their products must be made from alternative sources. Currently nylon, 
polypropylene, bitumen, virgin limestone, polyvinyl chloride (PVC), and other 
inclusions are unsustainable and cannot form part of the future in which this vision 
is fulfilled.
In order to make the materials sustainable, they must be a combination of recycled, 
recyclable, made from renewable feedstock or biodegradable. There are flooring 
solutions in the market place that begin to satisfy these requirements, for example 
hemp yam (Earthweave, 2004) and wooden laminates (Purewoodfloors, 2004).
This chapter focuses on the method of construction and tests of the flooring that 
results in some candidates being dismissed as replacements. A number of 
prototypes have been constructed and tested in recent times that have not attained 
the required standards for contract carpet under historical testing.
If an entirely new system of flooring were to be introduced, testing methods would 
also have to be introduced in order to assess the performance of the product in use. 
It is important to consider the way in which a new test method may be introduced 
for a new flooring system.
It is important that any system developed continues to satisfy the needs the 
customer has for a flooring solution and the associated expectations.
3.2 History of Testing
Carpets are tested using a variety of methods that are intended to mimic their use in 
practice. These tests are designed to ensure that the customer receives a product 
that satisfies their needs; they are blind to the substances that make up the carpet. It 
may be that new tests are required to assess a flooring solution that does not follow  
the traditional method of construction, but offers different values.
Carpets, no matter what their base material, undergo a series of tests in order to 
assess their contract level- the number given to a carpet to define its capability in 
use. Natural materials are difficult to test under these criteria as by their nature they 
vary between batches and consistent properties are often not achieved.
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T he B ritish  T e x tile  T e ch n o lo g y  G roup (B T T G ) is  h isto r ica lly  the in d ep en dent  
testin g  h o u se  that is resp o n sib le  for  v a lid a tin g  test proced ures. It w as th is h o u se  
that d e v e lo p e d  the current carpet testin g  b a sed  on  w o o lle n  carpets.
B T T G  w a s fo rm ed  in 1988  fo llo w in g  the m erger o f  the S h irley  Institute and the  
W o o l Industries R esearch  O rgan isation  (W IR A ), w h ich  had been  in v o lv ed  in  
testin g  m ater ia ls s in c e  1 9 19 . It has a num ber o f  su b sid iar ies in c lu d in g  B T T G  Ltd  
(e sta b lish ed  2 0 0 3 ) ,  Fire T ech n ica l S erv ice  (F T S ), B ritish  Carpet T ech n ica l C entre  
(B C T C ) and A d v a n c ed  M aterials S e r v ic e s  Ltd (N u n n ey , 2 0 0 4 ) .
It is  an en tire ly  in d ep en d en t organ isation , fu n d ed  by  a variety  o f  m eth ods in c lu d in g  
co m m erc ia l testin g . B T T G  prides it s e lf  o n  its stringent o b jec tiv ity  and ev en  o ffer s  
an expert w itn e ss  serv ice . B T T G  a lso  p articipates in  E U  fun ded  w ork, contrib uting  
to  the d e v e lo p m en t o f  E uropean standards and actin g  as the o ffic ia l U K  testin g  
b o d y  for  E uropean  e co la b e llin g  and product cer tifica tio n  sch em es.
T h e tests o ffered  at B T T G  are varied  and not restricted  to carpets and tex tiles . A ll  
f lo o r  c o v er in g s  can  be tested  at the cen tres, u s in g  sim ilar  m eth od s to those u sed  in 
the carpet industry.
W IR A  d e v e lo p e d  the current carpet testin g  p roced u res based  on w o o lle n  carpets. 
T h e se  tests fo c u s  o n  abrasion res istan ce, d y n a m ic  lo a d in g , static  load ing , 
fla m m a b ility  and appearance retention .
D y n a m ic  lo a d in g  tests ha v e  b een  descr ib ed  in  the 6 -M o n th  report as the V etterm an  
drum  and H ex a p o d  tests. T h e L isso n  Tretrad test (B S  E N  1 9 6 3 :1 9 9 8 ) a lso  
d escr ib es a m eth od  o f  abrasion resistan ce  m easu rem en t (se e  figure b e lo w ).
Figure 3.1 Lisson Tretrad test close showing abrasion as feet slip on specimen
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Static loading is tested using BS 4939:1987, ISO 3416-1986, where the thickness 
reduction in carpet pile is measured after application of mass for 24 hours and 
during recovery.
Flammability is measured using the hot metal nut method that follows BS 
4790:1987. Other European standards have been introduced for flammability as 
carpet is officially classified as a construction material (Nunney, 2004).
Even the squareness, size and straightness of carpet tiles are measured using a 
British standard- BS 5921:1980.
Appearance retention assessment follows a set o f guidelines set out in BS EN 
1471:1997. The appearance is assessed after test using an expert eyewitness. These 
experts are assessed regularly on their work and usually an average of three 
eyewitnesses are taken into account. They score the change in appearance on a 
scale of 0-4 within a tolerance of 0.8. The appearance assessment is conducted in a 
standardised light box with samples resting upon a rotating table.
It is believed that in 2008 the Construction Products Directive (Council Directive 
89/106/CE) will become compulsory for all construction materials (Nunney, 2004), 
of which carpet is a class. It defines essential characteristics for health and safety 
and CE marking which are discussed with the relevant trade associations (Deputy 
Prime Minister, 2004).
Legislation is on the way that will require measurements of volatile organic 
compounds (VOCs) and some legislation will be on the table that assesses 
sustainability and recyleablity.
In order to introduce a new testing method to qualify with new legislation that is 
internationally accepted, a number of steps must be taken and committees involved.
Standardised equipment must be searched for- in particular for other floor 
coverings. Prototypes are then built which can test a range of products.
Repeatability and reproducibility is key at this stage in the process. An accuracy 
and precision statement is made at this time, which must relate the test to what 
occurs in practice.
If the standard is accepted as a British Standard, BSEN, it may be that a standard of 
another country may offer similar tests. If this is the case, an ISO committee 
assesses the standard and again constmcts a review. The new ISO standard will 
then supersede the British Standard and the latter is withdrawn.
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T herefore i f  an en tire ly  n e w  m aterial and flo o r in g  so lu tio n  w ere  su g g ested , the  
m eth od o f  te stin g  w o u ld  h a v e  to be co n sid ered . It w il l  therefore take a co n sid erab le  
tim e period  b efo re  both  the testin g  m eth od  and m ateria l are a ssessed  and accepted .
It fo l lo w s  that the raw m ateria ls su g g ested  p rev io u sly  sh o u ld  be in vestiga ted  
further b efo re  b e in g  d ism issed , as they can  be tested  u s in g  co n v en tio n a l m eth ods.
3.3 Raw Material Performance
W o o l w a s the traditional m ateria l u sed  in carpet m anufacturing and w o o l is a 
product m ade from  ren ew a b le  resources (see  figu re  3 .2 ).
Figure 3.2 Renewable resources at play
In the 1 9 6 0 s  v is c o se  b eca m e m ore fash io n a b le  and w a s tried as a cheaper  
alternative. H o w e v er , its w ear properties w ere  poor, it fla tten ed  and burnt e a s ily  in  
co m p arison  to w o o l (C o lto n , 2 0 0 4 ).
N y lo n  w a s then add ed  at 20%  by v o lu m e . T h is in crea sed  the durability  
co n sid erab ly , w h ils t  reta in ing  a sim ilar  fe e l (C R I, Prim er, 2 0 0 3 ) . For ex a m p le , 
w o o l carpet ty p ic a lly  su rv iv es 7 -9 ,0 0 0  revo lu tio n s o f  an abrasion m ach in e  (B S  E N  
1 8 1 3 :1 9 9 8 ), w h erea s a 20%  n y lo n  addition  in crea ses the su rv iva l to 3 0 -5 0 ,0 0 0  
rev o lu tion s.
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T h e parallel e x p a n s io n s  in the p la stics , p etro ch em ica l and o il  industries resu lted  in  
a vast red uction  in c o s t  and a co n seq u en tia l b o o m  in  the p la stic s  industry  
(Subram anian , 2 0 0 0 ) . H en ce  the u se  o f  n y lon  b egan  to  in crease  con sid erab ly  at the  
e x p e n se  o f  natural m ateria ls.
In 2 0 0 3  the u se  o f  w o o l had d ec lin ed  to its lo w e st  p o in t in the carpet industry, as 
sh o w n  in figure 3 .3 .
Polyester
7%
Olefin
35%
Figure 3.3. Annual fibre consumption in US by weight (The Carpet Primer, 
2003)
In itia lly  the appearance retention  o f  n y lo n  w a s poor, as it appeared to so il ea sily . 
T here fo llo w e d  a ser ies o f  d ev e lo p m en ts to ch a n g e  the c ro ss -se c tio n  to that o f  a 
bulk co n tin u o u s fila m en t that had an u n even  c ro ss-se c t io n  (se e  b e lo w ).
Figure 3.4 Changes in cross-sectional shape o f fibre from circle to triangle to 
lobal triangular or square with four holes
T h is resulted  in an en h an ced  ab ility  o f  the p o ly m er  to h id e  r e flec tiv e  ligh t and so il. 
A  fin ish  w a s a lso  app lied  to com bat so il.
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It seems that in order for a new material to begin to compete in this market, one of 
three things must occur:
1. Carpet is accepted as a fashion item and a shorter lifetime becomes 
acceptable.
2. Petrochemicals become so expensive they are no longer viable.
3. A natural raw material or one from renewable feedstock arises that is 
capable of similar performance to nylon.
Option 1 will be considered in the 18-Month report and the consequences for the 
environment discussed. It may be that a product with a lower environmental impact 
per product, with shorter lifetime is better for the environment overall than a 
product with high environmental impact with a long lifetime.
Option 2 is an issue that is currently being discussed at great length in the media 
and environmental journals that is not discussed here. International and political 
pressures are constantly affecting oil prices. There is also political pressure upon 
companies to use fewer petrochemicals in production that could drive prices up.
Option 3 is an option that is viable for investigation in the first stages of this 
project, given the position of Interface.
It has been stated that the inherent nature of raw materials is such that there will be 
changes in properties depending on seasonal variations, conditioning, breed/type 
etc. Even if these factors can be standardised there are other considerations to be 
taken into account during processing.
If a natural, variable fibre is fed into a production line, one method of trying to 
minimise variability is to utilise blending systems. This is not a new problem, as it 
has existed for centuries and been overcome in some ways.
One model upon which to base the processing of alternative material is that which 
is used in the woollen spinning industry.
The woollen spinners invoke a great deal of mixing and aerating processes in the 
processing o f wool fibre into yam. Its aim for around 10 different processes is to 
achieve uniformity of fibre through carding and building up of yam.
Depending on the requirements of the final yam, the wool blends that form the 
ingredients differ. For example, for carpets British wool is ideal as it is coarser- 
although black hairs are detrimental to appearance, the Mediterranean and Middle 
East provide softer wool due to their climates and New Zealand tends to produce a 
whiter wool with no black hairs.
105
It m ay be that b len d in g  d ifferen t natural raw  m aterial fib res in th is sam e m anner  
m ay prov id e  a m ix ed  property y a m  that retains appearance after testing .
H em p fibre is o n e  that is  w id e ly  co n sid ered  as a m ateria l for  the future (H em core , 
1998 , H em p w orld , 2 0 0 4 , M arijuan anew s, 2 0 0 4 ). It is the h ig h est fibre y ie ld  o f  any  
crop - in hot w eath er  the crop  can grow  to 4 m  h igh  in o n ly  12 w e ek s. W ith no  
a g ro ch em ica ls  u sed  in its produ ction , fibres three or fo u r  tim es stronger and vastly  
red uced  qu antities o f  w ater required in co m p arison  to co tto n , the ad van tages are 
clear.
T ria ls o f  hem p fibre h a v e  b een  con d u cted  at Interface E urope, S h e lf  M ills  that have  
sh o w n  that there is  a n eed  for  g o o d  qu ality  hem p to sa tis fy  d em an d  for c o n sisten t  
w ear properties (C o lto n , 2 0 0 4 ) .
T h e hem p fibre u sed  has a c ro ss-sec tio n  that is a p o ly g o n  w ith  rounded peaks  
(W ein er, 2 0 0 3 ) . It b e g in s  to  sh o w  sig n s o f  sca le , detrim enta l to appearance after  
use. F igure 3 .5  sh o w s a c ro ss-se c tio n  o f  a hem p stem  w ith  the tw o  fibre types  
ind icated .
Bast fibres
Figure 3.5 Hemp stem cross-section (Henfaes, 2004)
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Cotton, jute and Icelandic wool have also been trialed as alternatives that appear to 
exhibit reduced performance at increased cost. None o f these alternatives provide 
the same performance in the same manner as nylon or olefin.
It is therefore reasonable to conclude that at present there is no natural raw material 
that is as consistent, durable, cheap and versatile as nylon in carpet construction.
It is suggested that in future work fibres may be assessed more closely and 
processing introduced that may improve properties, for example, fibre coating, 
mixing, alternative sources and blends.
4. Further Work
The next 6 months will focus on alternative solutions to the sustainable flooring 
problem, which do not involve traditional carpet construction, but rather focuses on 
innovative solutions that may be totally novel and diverse. New product 
development at Interface is diversifying and consequently the scope for new 
concepts is expanding.
A literature review will be conducted before 22nd November 2004 concerning 
biopolymers and their properties. Included in this literature review will be an 
examination of the current flooring industry and recent innovative products.
The benefits that a floor offers to a consumer will also be examined in the next 
report, in terms o f well-being as well as practicality. As part of this investigation, 
the implications to the consumer of making carpet a fashion item will be 
considered.
Making flooring more fashionable and short-term has environmental implications 
that need to be considered on a case-by-case basis. The general environmental 
concerns will however be considered as part of this investigation.
The Gantt chart for the next three years is shown in figure 4.1, but will be added to 
in greater detail as the projects take shape in the next few months.
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Figure 4.1 Gantt chart showing four-year progress
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Abstract
The two previous progress reports at months 6 and 12 have focused on reviewing 
and improvement of current technologies within Interface Europe. Production 
processes were improved in order to achieve consistent, reliable feed at an 
increased line speed of lOm/min.
Material and flow characteristics o f the carpet tile backing filler were assessed 
throughout the manufacturing process. This allowed the material to be substituted 
with one from a recycled source, which in turn increased the total recycled content 
of the product to 70% by weight. This saves over 5,000 tonnes o f material per 
annum from landfill and introduces a system that may be implemented across the 
business.
The overall project aims are to develop innovative materials and flooring including 
a holistic consideration of the supply chain. This report, for the period October 
2004 to April 2005, has moved the focus from existing to new technologies. The 
new technologies include a consideration of the development o f biopolymer films 
and coatings. This report concludes with a revised outline project plan for the 
remainder of the EngD with the period up to October 2005 shown in greater detail.
To become sustainable products cannot rely on non-renewable sources, including 
energy. This report examines the potential for chemical feedstocks derived from 
renewable (including biological) resources.
Traditional methods of manufacture of textile flooring that were described in the 6- 
month report are energy intensive and use a great deal o f processes. Other flooring 
in the market place, such as vinyl, often utilises a number of harmful chemicals. 
These studies in the previous reports have shown that an innovative solution is 
required.
In order to design an entirely new flooring product, a background review of other 
flooring has been conducted in this report. An assessment o f current flooring 
products, their applications, fitting, properties and disposal is presented.
These reviews of the characteristics that a floor must have in order to satisfy the 
consumer have given rise to the Pour-A-Flor concept. Biopolymers are reviewed 
here as a pre-cursor to the Pour-A-Flor product, which is derived from renewable 
technologies. The concept is currently under investigation and will form the basis 
o f the next 6 months work.
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1 Introduction
1.1 Summary of Work Described in 12-Month Report
The 12-month report focused on the textile flooring industry at present, in 
particular current products in the market place and manufacturing processes. This 
showed that the industry utilised a large number of processes in order to achieve a 
consistent product.
The processes used at Interface Europe, Shelf Mills were examined carefully in 
order to optimise production. An investigation into the flow problems associated 
with the tile backing filler material concluded with a number of recommendations. 
There were enhancements made to the backing system that have been consistently 
used. These enhancements have resulted in a line speed increase o f 25%. This 
improved line speed has resulted in renewed confidence in the system
An investigation was also undertaken into possible alternatives for the tile backing 
filler material and recommendations were made for this material to be used in the 
backing system. This work has resulted in an investment of £40,000 into a system 
of sieving that will allow this recycled material to be introduced into the tile 
backing. This work potentially results in an increase in recycled content of the 
product from 0 to 70%, by mass.
This investigation has been described in the paper “Introducing Recycled 
Feedstock: Material Flow Problems in the Manufacture of Carpet Tile Backing”, 
presented at the 2005 Conference for the Engineering Doctorate in Environmental 
Technology on 11th January.
Clearly the energy-intensive nature of these processes and the use of non­
renewable materials show that sustainability cannot be achieved with this 
traditional product. Thus, a more innovative solution is required.
The examination of some natural raw material feedstock showed that the traditional 
method of flooring construction cannot provide the same performance with these 
substitutions. Hence, an alternative method of construction is required.
1.2 Project Direction in the Current Reporting Period
The next stage of this Engineering Doctorate focuses on the “innovative materials 
and flooring products” that will “migrate the textile flooring products towards the 
company’s vision o f sustainability”, that was described in the initial project 
description.
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In order to develop innovative solutions for flooring, the benefits that flooring 
offers must first be considered. Any innovative flooring product must offer at least 
the same qualities and attributes received by the customer from traditional flooring 
without adverse effect. This consideration results in a need to evaluate a 
background review of flooring and performance criteria, shown in section 3.2.
The application methods of current floorings are varied and numerous. These are 
examined in this report in chapter 3 as a pre-cursor to the introduction o f a 
proposed new technology.
Pour-A-Flor is a concept that has arisen as a result of innovations exercises and the 
examination of state-of-the-art technologies. This concept is a first step towards 
Interface’s vision of sustainability and is described fully in chapter 4.
This concept forms the basis o f the next stage of this EngD research project and 
will provide a number of research opportunities. The project plan for Pour-A-Floor 
is shown in chapter 5 as it forms the majority of the work for the next 6 months.
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2 Renewable Feedstock
2.1 Background
The supply chain of the carpet tile has been examined which has shown that the 
greatest environmental impacts arise from the embodied energy in nylon. Although 
it contributes only 8% of the embodied mass, it contains 38% of the total embodied 
energy and contributes 49% to the global warming potential (GWP) (Interface 
LCA, 2002).
There is a great deal o f processing that occurs during the manufacture of a carpet 
tile as each of the components is manufactured separately before assembly (Carter,
2004). Life cycle analyses show that this processing is an important factor in the 
environmental burden of the carpet tile, although it is dwarfed by the 
environmental impacts of the petrochemical-based materials.
In trying to reduce the environmental impact o f flooring, renewable feedstock is a 
natural first consideration in substituting for the non-renewable feedstock. The 6 
and 12-month reports have discussed natural raw materials. Traditional flooring 
products made from natural raw materials generally do not pass the same 
performance criteria that their petrochemical cousins do (Nunney, 2004).
Natural fibres such as wool and hemp are not generally used in the heavy contract 
category, as they cannot pass the stricter performance criteria. Natural fibres 
generally have lower tensile strengths, elongation to failure and durability than 
nylon fibres that are typically used in textile flooring (DTI, 2003). Nylon fibres can 
be manufactured in longer lengths than are found in natural fibres and therefore can 
be manipulated more readily in the manufacturing processes of textile flooring 
(Carter, 2004).
Other renewable feedstocks that remain to be considered are those that involve a 
number of processing steps such as starch-based polymers and oil-based resins. 
This processing, described in section 2.3.2, is less desirable than using raw 
materials in their natural, or near-natural, state as this generally uses more energy 
during processing and increases the length of supply chain from producer to 
consumer. The longer the supply chain, the greater the difficulty in identifying the 
larger environmental impacts and the less chance o f achieving the control over the 
cycle needed to reduce these impacts.
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Since the 1990s polymers based on renewable feedstocks and natural fibres have 
been used in a number o f applications, such as biodegradable capsules for dmg 
delivery systems (PURAC, 2004), non-woven material in the replacement of 
human tissue (Eagles et al, 1997), waste bags and packaging material (Van de 
Velde, 2002).
The main driver for the increased use o f these materials has been environmental 
superiority in terms o f a reduced overall environmental impact along with their 
biodegradability. These factors may be expected to continue to drive their 
development, as they cannot currently compete in many other features, such as cost 
and performance, as volume and consequently research investment is still small. 
Biopolymers made up less than 2% of the plastics market in the EU in 2001 
(ERRME, 2001).
Biodegradable polymers can also be made from petrochemical feedstock. However, 
in the context of this research project only biopolymers that are made from more 
than 50 wt% renewable resources will be considered.
Life cycle analyses have been carried out that show that polymers based on 
renewable feedstock are better overall than their petrochemical based counterparts 
(Patel et al, 2003). As an example, Starch polymer pellets require 24-75% lower 
energy than polyethylene and GWP is 20-80% lower throughout a number of life 
cycle analyses with different disposal routes considered.
However, there are many more factors to consider in making the choice to go from 
non-renewable to renewable resources such as transport, genetic modification 
(GM) issues and localised social impacts. The transport issues can be great as 
unprocessed bio-mass is generally bulky and the end product small volume in 
comparison to the small size of petrochemicals with a ready network of  
transportation. GM has been an issue at the forefront of European matters (IsiS, 
2005, BBC, 2000 and UK Environment 2005) and is viewed with suspicion by the 
general public. Social impacts can be great in localised environments as potential 
food crops are substituted for those crops that can be sold further afield at a 
premium (CIGB, 2005).
This chapter does not answer all these concerns, but rather intends to give a brief 
review o f the biopolymer industry in its current state; describing the processing, 
properties and applications of some o f the commercial biopolymers available. This 
chapter also considers some of the options for the development of biopolymers in 
the future that will also be expanded upon as part of the examination of innovative 
flooring solutions in chapter 4.
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Biopolymers are generally made from renewable feedstock that is processed and 
treated in order to become the finished product. Although the source of the material 
is generally a big improvement on the petrochemical feedstock, the processing 
involved utilises a number of chemical steps. The current range of renewable 
feedstocks that can be processed into biopolymers are first examined.
2.2 Renewable Feedstocks
2.2.1 Background
In pre- and early-industrialised societies, many end products are derived from 
renewable feedstocks. In developed economies, since the 1940’s petrochemical- 
based fossil fuels have been increasingly used, replacing renewable feedstocks that 
were used extensively before the sudden increase in the petrochemical industry. 
Petrochemicals offer cheaper, more durable and versatile materials for applications 
such as fabrics, pharmaceuticals, packaging and indeed flooring.
Renewable feedstocks have recently been revisited in the pharmaceutical and 
chemical industry as the search begins for alternative chemicals to fulfil different 
roles (Roberts, 2004). The number of new chemicals that can be derived from non­
renewable sources is becoming exhausted as this area has been focused on for 
many years (Parker, 2004). This has been research and industry driven as the threat 
of future legislation as well as the vast possibilities from nature drive long-term 
developments.
Renewable raw materials, including oils, starch, sugar and cellulose are converted 
via physical, chemical or biochemical processes into chemical intermediates such 
as polymers, lubricants, solvents and surfactants, known as platform chemicals 
(Hardy, 2004). These platform chemicals are then transformed via further 
processing into usable chemicals before they are mixed and packaged for 
distribution.
The key in substituting renewable materials is that they offer alternative and/or 
improved properties such as biodegradability and/or improved functionality as well 
as reduced environmental impacts.
It is rarely possible to substitute a renewable for petrochemical based ingredients 
unless the replacement is chemically ‘identical’ (Parker, 2004), as different trace 
impurities or different levels of the same impurity can have profound effects. 
However, it is the very nature of crops grown in different climates, growing 
medium and/or conditions that give rise to their variable qualities.
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Currently, technology has not developed to cope fully with these variations in the 
same way that numerous carbon-based molecules are extracted and blended in the 
petrochemical industry. Although rapid analysis and predictive modelling can 
begin to overcome these variations, as has been shown by innovative biopolymer 
researchers (A and F, 2005).
Biopolymer research is a central issue for Agrotechnology and Food Innovations. 
They develop and model processes and research the relationship between structure 
and function. B!PP also offer a tailor-made research facility and development team 
for the consumer needs as consultants.
It should be noted that GM is offering solutions to some of the variability issues by 
metabolic engineering to increase plant productivity and increasing the range of 
tissues producing the metabolite. Also transgenic plants could produce foreign 
proteins, although the technology is currently controversial. GM can avoid 
variability in supply and quality- matching production to demand. This results in a 
reduced land requirement and has been employed commercially to produce ginseng 
in Canada (Punja, 2003).
However, GM is still viewed with suspicion, especially in Europe, by the general 
public. There are social as well as environmental issues associated with its 
introduction and it is still rare to receive a license in the UK for a large-scale 
development in this vein.
There are already some cautionary tales, to be noted such as that of Biopol (poly(3- 
hydroxybutyrate)). This was initially produced by ICI and expected to become a 
multi-thousand tonne biodegradable plastics business (Hardy, 2004). This did not 
happen due to price and performance comparisons with conventional materials 
such a polypropylene. There needs to be a niche market for the product, such as 
medical or packaging applications before it can become successful in the current 
marketplace against traditional competitors (Parker, 2004).
There are a multitude of factors that may affect the platform chemical produced by 
a biomass refinery, based on the concept of the traditional oil refinery, shown in 
figure 1.
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Figure 1. The Biorefinery Concept (Hardy, 2004)
This figure shows the bulk biomass material as the feedstock, which is then 
processed mechanically and extractives removed. These extractives can be easily 
separated in the form of waxes, phenolics, oils etc that can be used as ingredients in 
more complicated mixtures without further modifications.
The bulk material that remains after this initial processing is then further processed 
using thermal, chemical or microbial means in order to extract further useful simple 
chemicals. These chemical intermediates, the platform chemicals, are then 
transformed with processing to more specific chemicals for use in high value 
products.
The bulk biomass material dictates the chemicals that can be extracted from the 
product. However, the environmental credentials o f the biomass are enhanced 
significantly if  the materials are otherwise wasted, for example, potato starch in the 
chip-making process (Murphy, 2005). This biomass is available in a multitude of 
sources such as the 4 million tonnes of wheat straw and 14 million tonnes of waste 
paper produced in the UK annually (Hardy, 2004).
The integrated extraction of the platform chemicals can be performed in a number 
o f ways and these are further considered in the next section.
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2.2.2 Conversion from Raw Materials
This section describes the possible ways of converting raw materials into useful 
chemicals. This research area is still developing and therefore the potential for the 
future of this industry is also examined.
There are four possible methods of converting biomass into chemicals and useful 
products.
•  Thermal
•  Chemical
•  Microbial
• Mechanical
Thermal methods of extracting chemicals from the biomass could include
i) Combustion into hot gases and consequently heat and electricity
ii) Gasification and then conversion to heat, methane, methanol and 
gasoline
iii) Pyrolysis into gases, char and hydrocarbons for use as fuel
iv) Liquifaction or hydrothermal conversion into hydrocarbons that can be 
used as fuel, oil and other derivatives.
The difficulty with utilising raw materials in these ways is that the feedstock may 
be bulky and difficult to handle, without the technical experience associated with 
petrochemicals. This is often the case with natural materials, as they are not 
inherently designed for use; they are designed to grow and reproduce. Its very 
nature as an organic material dictates that it may contain moisture detrimental to 
processing (Hardy, 2004).
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Figure 2. Mobile pyrolysis facility under development (Renewable Oil 
International, 2005)
R e n e w a b le  O il In ternational is  d e v e lo p in g  a m o b ile  p y ro ly sis  fa c ility  that can  d ea l 
w ith  5 dry to n s o f  ren ew ab le  m aterial per day. T h is  g o e s  so m e  w a y  to ad d ressin g  
the n eed s o f  the b io p o ly m er  industry in the U K , a lthough  m ajor d ev e lo p m en ts  are 
b e in g  m ade o u ts id e  the U K , as sh o w n  by  A  and F  and B !P P . T he figure a b o v e  
sh o w s  that the fa c ility  is  still sm all sca le  and a fu ll-sc a le  plant is  the n ext step  for  
d ev e lo p m en t.
A  m ajor so u rce  o f  environ m en ta l im pact sh o w n  in life  c y c le  a n a ly ses freq u en tly  
arises from  transport o f  m aterial. It is preferab le  to ensu re the source o f  m ateria l is  
c lo s e  to w h ere  it w il l  be  used  and d isp o sed  o f. It is therefore prudent to c o n sid e r  the  
ro le  o f  the U K  in  the b io p o ly m er  industry.
T h e  U K  is  not a lea d in g  b io p o ly m er  producer. It has la g g ed  b eh in d  E urope and  
con cen tra tes on  the production  o f  produ cts that d is so lv e  in the b o d y  for  the m e d ica l  
industry. T h e  future o f  the U K  in  the b io p o ly m er  industry, e ither as a producer, 
m anufacturer or researcher w a s co n sid ered  as part o f  th is literature rev iew  and is  
d isc u sse d  in the n ext section .
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2.2.3 Future Road Mapping
The UK textile industry has been focused mainly in rural areas in the UK. This 
leads to the possibility that the raw materials can be produced close to the site of 
processing and use. This reduces overall environmental impact as there are limited 
transport concerns and can increase social sustainability by stimulating rural 
development.
This section describes the potential for the UK to be more involved in the 
biopolymer industry as a producer, researcher, processor or user. This is important, 
as it will provide closer links to the textile industry and potential for further study.
There were several cases identified for the UK to become part of the expanding 
biopolymer industry (Hardy, 2004):
•  The UK becomes specialist in new crops to produce renewable chemicals
•  Chemicals are produced from crops that the UK presently or potentially 
could grow well
• Platform chemicals are bought in from outside the UK and transformed 
using existing chemical processes
•  UK technology is developed and licensed externally to produce end use 
chemicals.
Each of these scenarios requires extensive co-operation between industries. There 
is a need for co-ordinated national and regional policies in order to implement any 
of these developments, as long as market demand is high.
The UK is known for its wheat, barley and rape (National Statistics, 2005). These 
crops can all be used to produce secondary chemicals such as ethanol, levulinic 
acid, succinic acid, lactic acid and 1,3-propandiol (Hardy, 2004). These in turn can 
be formed into products with added value such as perfumes, biopolymers and 
pharmaceuticals.
The UK that has only 18.5 Mha devoted to agriculture, as its economy is based on 
service provision. Practically the UK cannot provide a reliable feedstock at an 
acceptable price to convert to a biopolymer without compromising its agricultural 
needs and contending with a varying climate. It is impractical for the UK to import 
feedstock with consistent properties, such as fibre length, chemistry and growth 
rate, as the transport costs involved may be too great- both economically and 
environmentally.
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If the UK were to consider research and development as a specialisation in 
biopolymers there are many opportunities available for expanding technology. 
There are a number o f advances that have been made internationally that result in 
the commercial use of biopolymers and these will be discussed in the next section.
2.3 Commercial Biopolymers
2.3.1 Background
Commercial biopolymers can be found in a variety of applications such as 
polylactic acid (PLA) used as face yam in carpet tiles (Interface, 2003), EverCom 
Resin™ used in drinks containers (Japan Cornstarch, 2005) and another starch 
based polymer used in dog toys (Novamont, 2005).
There are some natural polymers to be found such as proteins, nucleic acids, 
polysaccharides, lignin and rubber (MacGregor, 1980). These are rarely used in 
their natural state, and are modified to purify and alter their chemical constituents 
in order to offer more versatility and efficacy.
More recently biopolymers have arisen due to a number of extraction processes and 
chemical pathways becoming available such as the cross-linking of epoxidised 
natural oils (Boquillon, 2000). Starch-based polymers have been extensively 
investigated (Patel, 2003, Johnson, 2002, Van de Velde, 2002) and their properties 
are well documented. However, their mechanical performance does not generally 
reach the level o f their petrochemical counterparts and therefore they cannot be 
used at the same level in applications.
PLA, for example, has been used as an alternative to nylon in the carpet industry, 
although it does not provide the long-term aesthetic properties of its nylon cousin 
and flattens readily (Colton, 2004). Consequently nylon will continue to be used 
until PLA can be modified such that it performs as well in heavy contract 
situations.
There is a range of data given in the literature for biopolymer performance and 
these are shown in table 1.
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Properties Limits Type of Biopolymer
Polylactic
acid
Polyglycolic
acid
Poly-e-
caprolactone
Polyhydroxy-
butyrate
Typical
Polyester
p (g/cm3) Lower 1.21 1.50 1.11 1.18 1.29
Upper 1.25 1.707 1.146 1.262 1.40
a  (MPa) Lower 21 60 20.7 40 48.3
Upper 60 99.7 42 72.4
E (GPa) Lower 0.35 6 0.21 3.5 2.8
Upper 3.5 7 0.44 4 4.1
e(% ) Lower 2.5 1.5 300 5 30
Upper 6 20 1000 8 300
Tg(°C) Lower 45 35 -60 5 69
Upper 60 45 -65 15 69
Tm (°C) Lower 150 220 58 168 265
Upper 162 233 65 182 265
Table 1: Physical properties of various biopolymers (Van de Velde, 2002)
All the polymers shown above are polyesters, which when manufactured via the 
petrochemical route provide one of the toughest of plastic films with excellent 
fatigue and shear strength, making them useful for a number of applications. They 
also provide good resistance to humidity, acids, greases, oils and solvents 
(Callister, 2000).
The Young’s Modulus and tensile strength can be improved by using natural fibres 
as part of a composite system and the rule of mixtures to calculate the most 
effective volume fraction. This can all be achieved during the processing of the 
biopolymers, which would lend the biopolymers to a greater range of applications, 
such as car panels.
If the properties o f these biopolymers can be increased then there is a greater 
chance of using them in more applications more readily. There are a multitude of  
biopolymers that are available and these may be modified in many ways. The key 
to their modification is their processing. The next section describes the way in 
which select biopolymers are processed.
2.3.2 Processing
As previously mentioned there are a number of ways to extract platform chemicals 
from renewable resources. The most common chemicals extracted for use in the 
biopolymer industry are starch and cellulose, as they can be derived from a variety 
of sources easily (Plank, 2005).
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Starch-based biopolymers are extracted from biomass in a number of commercial 
systems. Cargill Dow for example extracts PLA from cornstarch (Cargill Dow, 
2005), and this process is described below.
Com is milled, separating starch from the raw material. Unrefined dextrose is then 
processed from the starch, which is in turn fermented into lactic acid. This is 
condensed into a dimer, purified and polymerised using a solvent-free melt process. 
This can result in a number of polymers with differing molecular weights that can 
be used in a variety of applications.
Other commercial methods of transforming com into a biopolymer rely on utilising 
the entire grain (Vegemat, 2005). The starch and proteins break down in the 
presence of a plastifier in a thermo-mechanical environment to form a 
thermoplastic. The fibres are used as fillers and the lipids as lubricants. This results 
in a material that is processed into pellets that can be used in a conventional 
injection-moulding machine.
Biomer use bacteria feeding off sugars in an aqueous medium to produce poly- 
hydroxybutyric acid (PHB) (Biomer, 2005). The bacteria are washed and the PHB 
extracted using a solvent that is then recovered as the PHB precipitates in a 
solution with water. PHB is currently being used for shampoo containers (Azom,
2005), as the material offers a good balance o f high stiffness and toughness.
The applications o f these polymers are limited by both their cost and restriction in 
processing. However, PLA has found large-scale commercial use in the textile 
industry, although its performance then becomes the restricting factor. There are a 
number of applications that have been developed.
2.3.3 Applications
Biopolymers have found their niche in a number of applications where their 
properties can be advantageous. The most common advantage o f these biopolymers 
is often their degradability, which allows the materials loop to be completed. 
However, this needs to be strictly controlled and British Standard EN 13432:2000 
describes the biodegradability conditions.
Biopolymers are used in adhesives, fibres, animal products, personal care, medical, 
garden and more commonly packaging applications (Biopolymer.net, 2005).
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 3. PLA products produced by Cargill Dow (Cargill Dow, 2005)
T h e p ro cessin g  o f  th ese  b io p o ly m ers ca n  restrict their a p p lica tio n s to those that are 
therm oform ed , as a num ber cannot b e  form ed in to  f ilm s  w ith ou t pu rification  steps  
during extraction . H o w ev er , starch b len d s have  b een  u sed  in b iod egradab le  
p a ck ag in g  trials in G erm any (K lau ss, 2 0 0 3 ).
T h is  ex am in ation  o f  the app lica tion s o f  b io p o ly m ers  h a s sh o w n  that in co n sid er in g  
their u se  in a flo o r in g  product, the m eth od  o f  p r o c ess in g  m ust b e  thorough ly  
in v estig a ted  in order that som eth in g  practicab le  is d ev e lo p ed . B io p o ly m ers are not  
as e a s ily  p ro cessed  as their petroch em ica l counterparts and therefore their  
app lication  m ay be restricted.
H o w ev er , the prim ary con cern  w h en  co n sid er in g  b io p o ly m ers  as part o f  a flo o r in g  
sy stem  is  the m aterial properties. T he m aterial m ust b e  fit for the purpose o f  w h ich  
it is  d es ig n ed . T he sp ec ifica tio n s  o f  a f lo o r  are co n sid ered  in chapter 3 , w h ich  sh o w  
that a lthough  the b io p o ly m ers cannot en tire ly  rep la ce  p e tro ch em ica ls  in  a 
traditional f lo o r in g  product, they m ay be u sefu l in o th er  con stru ction s.
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2.3.4 Disposal
After considering the applications of biopolymers the next step in the life cycle to 
analyse is the disposal. There are significant moves with mainly European 
legislation towards producer responsibility at the end of the useful life o f a product.
Interface is already addressing this issue with the Evergreen Lease system that 
offers the take-back of carpet tiles at the end o f their life. However, biopolymers 
may offer solutions to complete the lifecycle more simply, as currently product is 
recycled for use as backing or re-used. One o f the most important considerations 
when deciding to use a biopolymer is its biodegradability in composting 
conditions.
It has been shown that consumers will readily accept biodegradable packaging as a 
substitute for conventional packaging systems (Klauss, 2003). Given the correct 
facilities for sorting, this trial showed that packing recovery rates could be achieved 
o f the order of 80%. However, specialist facilities for biodegrading are often 
required with these biopolymers as they can produce unstable products such as 
methane and may require a trigger for degrading.
There are a number o f chemical mechanisms that take place in order to degrade a 
polymer. Natural macromolecules are generally degraded in biological systems by 
hydrolysis followed by oxidation (Chandra, 1998). Fungi and bacteria can be used 
in conjunction with enzymes that lower the activation energy required of the 
degradation process and therefore increase reaction rates in an environment that 
would otherwise not be favourable. However, these enzymes, bacteria or fungi 
must be introduced in a controlled environment such as a composting bin.
This has implications for the life cycle of the biopolymer as there may be increased 
environmental costs either in transportation or the manufacture o f specialist mobile 
facilities. Therefore there may be reduced environmental impacts in recycling or 
incinerating a biopolymer rather than biodegrading.
The life cycle of the biopolymer shows that there are a number of potential 
applications, but the difficulty is that they need to compete commercially with the 
petrochemical industry that has had a head start o f around 70 years and often 
advantageous mechanical properties. Biopolymers need to find niche applications 
that may justify their current increased cost, before economies of scale can be 
introduced.
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This analysis has shown that there are possibilities for the use of biopolymers, but 
they do need careful consideration and extensive examination. With respect to the 
flooring industry, a biopolymer must either offer unique properties, application or, 
at least, similar mechanical properties to a polymer in use. This project will begin 
to assess how biopolymers and renewable feedstocks can be used in the flooring 
industry in innovative and interesting ways.
The use of biopolymers as innovative flooring is discussed further in chapter 4 
when Pour-A-Flor is examined. This is a novel flooring system using biopolymer 
resin as a base for a number of design ideas. This shows promise as a flooring 
system and can be tested using traditional means.
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3 Flooring
3.1 Introduction
T h is fo cu s o f  th is project is  n o w  m o v in g  tow ards m ore in n o v a tiv e  floorin g  
so lu tio n s. In order to p ro v id e  the co n tex t for th ese  n ew  and e x c it in g  products, the  
b en efits  o f  a flo o r  w ill be  con sid ered . T h is in c lu d es co n sid era tio n  o f  the w ay  that 
differen t flo o rs a ffec t c o m fo r t le v e l. T here are d ifferen t w a y s  that d ifferent 
co n su m ers interact w ith  a f lo o r  and th ese  w ill be  ex a m in ed .
F lo o r in g  has e v o lv e d  o v e r  sev era l thousand years as co n su m er  tastes and 
requirem ents h a v e  ch a n g ed . In early  h o m es the f lo o r  w a s ju s t  a patch o f  dry 
ground. T h is is  still true in m any parts o f  the w orld , su ch  as A fr ica , w h ere the 
w eather  is  w arm  and tem perate . D ry  ground is  a g o o d , in e x p e n s iv e  surface that can  
e a s ily  be le v e lle d  and m o d ified  to create a floor. H ay, straw  and c o w  dung are 
so m e tim e s a lso  added  to the surface and tram pled d o w n  to  create  a surface a lm ost 
as hard as cem en t.
M ATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 1. Typical interior o f African hut (Patty in Africa, 2005)
F igure 1 sh o w s that w ith  a dry ground floor, an attem pt h a s b een  m ade to add  
c o lo u r  and texture. T h is sh o w s that d esp ite  the s im p le  fu n ctio n a lity  o f  th is floor, 
so m eth in g  m ore is  required.
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During the Middle Ages in Europe floors were often made of trampled down debris 
as people sometimes shared their living space with their animals- although 
generally in different rooms. Although the floor was made from waste, a primitive 
attempt was made to improve the interior by adding mint to the refuse. Crushing 
the mint underfoot would create deodorising smells, akin to a modem day air 
freshener.
In early North American homes sand was often placed on the floor, sometimes in 
decorative patterns and swept out of the room when the litter and debris became 
excessive. Peanut and sunflower seed shells were added to the floor so that they 
could be crushed underfoot, producing oil, which retained and settled the dirt 
(Huntington, 2005).
Other early forms of decorating the floor led to the Indian tradition of rangoli, 
which is a painting made from rice flour and petals created for a special occasion or 
to greet visitors. This idea o f a welcome mat has been developed further in recent 
years more as a functional entity than a decorative piece.
Stone floors have been used since the Egyptian times as coloured tiles were used to 
create mosaic. This can be traced from 5,000 years ago, through to the Roman 
Empire. The Romans then discovered another more sophisticated benefit o f using 
stone floors- underfloor heating. A fire would provide heat through the space 
underneath the tile floor. Tiles came in and out of fashion over the next couple of 
thousand years and underfloor heating has remained a preserve o f the more well off 
(Huntington, 2005).
Wooden planks were first used as floors in the Middle Ages, before being sanded, 
sealed with varnish and decorated in later years. Stains were used to imprint 
decorative patterns on the floor. This is a simple, natural floor, which is made from 
a material widely available as a construction material.
The oldest known rug discovered was from around 400 BC (the Pazyryk carpet), 
although there is evidence that carpet-weaving dates back to around 4,000 years 
ago in Egypt, Mesopotamia and the Middle East. The carpet industry has continued 
to grow and diversify through the industrial revolution and the movement to tufted 
carpets from woven, which is described in the 6 and 12-month reports (Carter, 
2004).
Other types of resilient flooring such as mbber, cork, asphalt, vinyl and linoleum 
have been in use since the late 1800s and these are now second only to carpet in 
terms of sales.
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T h e se  te ch n o lo g ie s  h a v e  d e v e lo p e d  o v er  severa l th ou san ds o f  years in order to 
adapt to the m aterials lo c a lly  a v a ila b le  as w e ll as practical n eed s. D eco ra tio n  has 
in flu en ced  h e a v ily  the m eth od  o f  con stru ction  o f  th ese  flo o rs . F or ex a m p le , the  
R o m a n s used  sm all t ile s  in  their  m o sa ic  construction  in order to create  m ore  
in tricate patterns.
Figure 2. Decorative Roman Pavement (Canterbury Roman Museum, 2004)
T h e h istory  o f  f lo o r in g  h as sh o w n  that n ot every  d ev e lo p m en t m ade in  flo o r in g  has 
an a ssocia ted  practical b en efit. T h is lead s to the c o n c lu sio n  that there is m ore va lue  
from  a f lo o r  than sim p ly  fu n ctio n - there are so c ia l attributes that are im portant too . 
T h e se  w ill be su m m arised  in the n ext section .
3.2 Flooring Requirements
It is  d ifficu lt to a c ce ss  the req u irem en ts p laced  on  a f lo o r  w ith o u t a great d ea l o f  
so c ia l research , s in ce  there are not o n ly  practical but a lso  e m o tio n a l n eed s  
a sso c ia ted  w ith  the p u rchase o f  a flo o r. T h is  sec tio n  e x a m in es  the w a y  in w h ich  
d ifferen t con su m ers relate to their flo o r in g  and the reasons beh in d  the c h o ic e s  they  
currently m ake. T he w a y  in w h ich  co n su m ers are op en  to o ther a ltern atives are a lso  
ex a m in ed .
C on su m ers m ake strong d istin ctio n s  b e tw e en  ca teg o r ies  o f  f lo o r  (O ’N e ill ,  2 0 0 3 ). 
T h ey  se e  w o o d  and ceram ic as perm anent flo o r in g  and v in y l, lam in ate  and carpet 
as tem porary flo o r  co v er in g s . T h e y  a lso  see  the b u y in g  p ro cess as e ith er practical, 
e .g . lam in ate  and v in y l, or em o tio n a l, e .g . hard w ood  and cera m ic .
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Interface Europe, in conjunction with Ibbotson Research and Planning, conducted 
research into the requirements of flooring from a customer point o f view (I R and 
P, 2004). The aim of the research was to understand, explore and test theories with 
respect to how different consumers regarded their flooring needs.
Five extended creative focus groups of consumers were segmented according to 
lifestyle. Ten interviews with experts were also conducted with interior designers, 
retailers and style editors. The aim of these interviews was to assess the trends in 
the flooring marketplace. They did not consider the needs of the consumer, 
focusing on general trends and therefore are not relevant to this section. However, 
they may be taken into account when considering the placing o f a new product in 
the marketplace, which will follow in future reports.
The consumer groups were homeowners who made their own decisions on their 
home decor. They were a mix of gender, ages, economic group, living in a range of 
properties (age and type). The focus groups were divided into the five consumer 
group life stages: young singles/professionals, partners/no children (DINKies), 
young families, older families and empty nesters.
The focus of the groups was to establish the current flooring throughout their 
homes, related motivations for purchase and satisfaction levels. There was a need 
to establish what emotional and functional factors have to be fulfilled by each 
flooring material to meet the needs of different rooms. Creative stimulus was 
provided to establish what inspires the consumers and what characteristics make up 
the perfect flooring.
The creative stimulus was provided in the forms of items and images and the 
consumers were asked to pick ones that inspired them in some way with the brief 
of creating the perfect flooring for a given room. The items ranged from bubble 
wrap to soft cloth material to stones to mirrors.
The results o f the investigation show that each group of homeowners have different 
emotional attachments to their flooring. For example, the empty nesters tend to 
prefer traditional products to suit their older properties such as quality carpets, 
ceramic tiles and vinyl tiles. They seek familiarity, value for money and 
functionality.
Older families again tend to have older, larger homes with natural materials a 
heavy feature of their flooring- wood and stone tiles in particular. Carpets are very 
popular with this group.
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Young families are generally situated in traditional semi-detached or terraced 
housing. They have a variety of flooring from traditional carpets throughout the 
home to laminate, ceramic tiles and some carpet tiles.
DINKies have a range of home types, with carpet remaining very popular. Wooden 
floorboards are also popular, along with stone or quarry tiles.
Singles live in smaller homes such as flats or terraces with original features like 
floorboards or carpets. They are the group most open to a variety o f flooring such 
as coir, stone, wood, laminate, tiles and lino.
This initial survey showed that there were distinct differences between the ways in 
which each group furnished their home. Each group had a different relationship 
with their flooring. As the groups got older they expected more luxurious flooring 
that was more durable. The younger groups tended to prefer to experiment more 
with their flooring choices and were more likely to go for the less expensive 
options. Therefore age is as much a factor as lifestyle in determining preferences.
The reasons behind the decisions made with choosing flooring were also examined. 
These showed that the empty nesters had high disposable incomes, but they are 
careful spenders- they want value for money. They also require flooring with little 
or no DIY and little maintenance. Their priorities are comfort and texture.
Families are divided by their income more than the age of their children. The lower 
income families prefer mass-market products, whereas those with more income 
desire luxury, design and texture. Ease of clean and functionality are still important 
to both.
DINKies prefer designer and innovative products, they are therefore more likely to 
lead trends, or follow quickly. They have limited constraints on their choice of 
flooring and are more likely to spend more.
Singles are style conscious, but aware of the age o f their house and the way in 
which natural materials such as wood can be used within this environment. They 
generally have a lower income and therefore constraints do exist. They are not 
typical users of carpet.
The creative stimulus also showed how open these groups were to new ideas when 
asked to give ideas for their perfect room. Firstly they were asked to describe the 
function of the room. These are summarised below:
Kitchens
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•  Durable, waterproof, sealed and easy to clean
•  There is less of a need/desire for texture-
•  There are concerns about dirt trapping and hygiene
•  There is a likelihood of barefoot walking
•  There should be a consideration o f users- children, pets etc
•  “Industrial floors” are emerging as a popular choice
•  Laminates and vinyl remain popular
Dining Rooms
•  The requirements depend on design and function- a separate room for 
evening/formal occasions is very different to an open family room used 3 
times a day for 7 days a week
•  A more formal room tends to have the same demands as lounges
•  A more functional room tends to have the same demands as kitchens
Lounges
•  Texture and comfort is vital for most in the lounge
•  This is the showpiece room and therefore high quality is required
•  Carpets are more popular in this room but wood in combination with 
luxurious rugs are also popular
Conservatories
•  The needs of a conservatory depend on the purpose
•  To relax, to play or to dine
•  It is considered an extension o f the family room, dining room or lounge
•  Flooring will typically reflect what is used in these connecting rooms- a 
continuation of a theme
Utility rooms
•  These are similar to kitchens- they are more demands for impermeable 
material which makes some consumers nervous about modular flooring
Bathrooms: There are two schools o f thinking for bathrooms that are very distinct
•  Impermeability, which tends to be more in child and male dominated 
households. This results in a more quirky and design-conscious choice
•  Texture, which tends to dominate in adult only households or en-suite 
bathrooms. Consumers are looking for a more luxurious feel
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Bedrooms
• The master bedroom is emotionally a cocoon and therefore soft, warm 
textures are preferred. It is in this room that the consumer retains the most 
emotional attachment to the floor. Lino and modular flooring is far less 
common in this area with wood and laminates sometimes featuring
•  The children’s bedrooms tend to be carpeted, with innovative, quirky 
designs more common. As this area frequently doubles as a play area 
consumers are more open to modular flooring here.
•  Guest bedrooms follow similar lines to the master bedroom- but on a lower 
budget
The Home Office
• This is more a functional room
• There is less texture but it does tend to mimic the surrounding rooms, hall 
or landing
Play Rooms
•  It is rare in the UK that there is the luxury o f space to have a play room
• If there is a separate area it is often open to all sorts of possibilities with 
different textures, designs and colours
• It needs to be safe, bright and stimulating
Halls and Landings
•  These are high traffic areas and therefore the flooring needs to be durable, 
hard-wearing and easy to clean
•  This area is viewed as the ‘face’ of the house and therefore needs to be in 
line with current design trends
•  Carpet is still very popular in this area, in line with the need for texture and 
softness, particularly upstairs where it connects with bedrooms and 
bathrooms
This research shows that there are distinctly different requirements for different 
areas of the house. The needs of flooring cannot be generalised. There is more 
emotional attachment to flooring in particular areas, whereas in others practicality 
takes precedence.
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The creative stimulus was used to draw out phrases about the perfect rooms for 
each segment. For example, the perfect kitchen was described by the empty nesters 
as soft underfoot, hardwearing, practical naturals and colour was considered here. 
In contrast the young families chose words such as practical, safe and subtle. The 
young professionals chose a mix o f materials and suggested phrases like bold, fun 
and contemporary.
This research showed that there were a mix of requirements for a floor depending 
on life stage and situation. Different segments and areas resulted in a need for a 
range of properties from luxurious to practical to safe to funky, fun and 
contemporary.
It seems that although people do not often consider the floor an important part of 
their lives, it does provide some social value and they consider that it can add value 
to their homes. If we consider the industrial market, however, we find that there are 
fewer emotional attachments to the floor.
3.3 Industrial Flooring Systems
3.3.1 Categories of Flooring
There are many industrial flooring systems in the marketplace. The focus o f this 
type of flooring is generally in practicality rather than any emotional attachments. 
Therefore there are entirely different kinds o f flooring that emerge in this sector.
There are a number o f applications for industrial flooring, which are wide-ranging. 
These are described by category in the British Standards. It is important that these 
are described, as industrial flooring has distinct requirements based on the different 
types o f flooring rather than the situation in which it is placed.
British Standards describe the tests that each flooring type must undergo in order to 
be certified under different categories. Resilient floor coverings describe linoleum, 
polyvinyl chloride, rubber, cork and corklinoleum.
BS EN 13329 describes the specification requirements and test methods of 
laminate floor coverings. A laminate is described as “a floor covering with a 
surface layer consisting of a surface layer o f one or more thin sheets of a fibrous 
material (usually paper) impregnated with aminoplastic thermosetting resins 
(usually melamine).... bonded or directly pressed on a substrate.... finished with a 
backing”.
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BS EN 548 describes the specification requirements for plain and decorative 
linoleum. Linoleum cement is defined as “a binder in linoleum consisting of a 
mixture o f linseed oil and/or other vegetable dry oils, rosin and drying oil catalysts, 
which is converted to a semi-elastic mass by an oxidative curing process”. 
Linoleum is also defined in the same standard as “a product produced by 
calendaring one or more layers of a homogeneous mixture of linoleum cement, 
cork and/or wood floor, pigments and inorganic fillers containing a fibrous 
reinforcement and/or fibrous backing”.
When considering the products in the marketplace that are available for use on the 
floor there are a number of screeds, mortars and plasters. The methods for testing 
these are found in BS EN 4551, which covers a different type o f testing to that 
already defined. These tests concentrate on stiffening rate and strength of cubes, 
not testing the product in conditions similar to that in use. However a similar test 
that is used again is the ‘resistance to penetration’, similar to the static loading tests 
used for flooring.
The range o f British Standards under the classification number 6319 describe an 
assortment o f tests that are suitable for testing resin and polymer/cement 
compositions for use in construction.
A cold-curing resin system is a “resin system that can harden without the external 
application of heat”. Filler is defined as “a solid material in powder, granular or 
fibrous form that is added to a synthetic resin system to ... modify flow properties 
before cure”. Hardener is “a material that chemically combines with a synthetic 
resin to give a hardened product”.
Resin concrete is described as a “blend of resin and hardener with graded aggregate 
where a significant proportion of the aggregate is retained on a 5.0mm BS 410 test 
sieve”. However the standard goes on to describe resin mortar as “a blend o f resin 
and hardener with graded aggregate where a small proportion o f the aggregate is 
retained on a 5.0mm BS 410 test sieve.
A thermosetting resin is “a resin that, when hardened, is converted into an 
essentially infusible and insoluble product”. BS EN 669 describes tests that can be 
used to measure the dimensional stability of the covering that may be useful for 
comparison to future technologies.
These descriptions are useful in that they tell us where a future technology may lie. 
However, each of these categories describes tests on the particular flooring that is 
‘fit-for-purpose’. Therefore, as described in the 12-month report (Carter, October 
2004), a new technology will potentially require new testing methods to show its 
capability.
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In order to co n sid er  i f  a sy stem  is  su ita b le , it m ust be appropriate for  the purpose  
that it is  in tended . T he app lica tion  m eth o d  u sed  for  industrial f lo o r in g  o ften  lim its  
its  u se . T h e  restrictions on  th is sec to r  w il l  be ex a m in ed .
3.3.2 Applications
Industrial flo orin g  c o v er s  su ch  d ifferen t en v iro n m en ts as o f f ic e s , w a reh o u ses and  
e x h ib itio n s . T herefore a w id e  range o f  f lo o r in g  is  found in th is m arket. T h is sec tio n  
w ill  d escr ib e  the app lication  o f  ty p ica l industria l flo o r in g  and sh o w s that sp ec ia lis t  
sk ills  are required in th is sector.
T h e  c a se  study ch o sen  is on e  fo r  the fittin g  o f  v in y l as it is typ ica l industrial 
f lo o r in g  that is app lied  on a regu lar b a sis . T h is in v o lv e s  severa l app lication  steps.
F irstly  the p rev iou s f lo o r in g  is  rem o v e d  u s in g  a v ibrating b lad e or other m eth od  
and the su b floor  is  ex p o sed  (figu re  3 ). T h e  debris is  rem o v ed  at th is tim e.
J
Figure 3. Old floor being removed
O n ce  the o ld  f lo o r  is rem oved , a s tick y  su b flo o r  rem ains. T h is is  c o v ered  w ith  a 
screed  that is  app lied  by  hand, u s in g  a le v e lle d  trow el. T his is then le ft to se t  for  
so m e  tim e- preferably  overn igh t.
O n ce  the screed  has dried, a d a m p -p ro o f m em b ran e m ay be app lied . T h is  is  sh o w n  
as the b lack  mark in figure 4 .
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Figure 4. Screed and damp proof membrane applied to subfloor
O n ce  the screed  is  ready, the v in y l is  cu t to s iz e  and laid in p lace. It is  m easured  
c a re fu lly , a lthough  there are m any sea m s, and rough ly  cu t the ed g es that w ill  be  
tr im m ed  later.
A n  a d h es iv e  is  app lied  u sin g  a g ro o v ed  trow el that en su res that the correct am oun t 
is  a p p lied . A  sw ee p in g  m otion  is u sed  to  spread the ad h esiv e  and ensure that a ll 
areas are c o v ered  (figure 5). It is then left to ‘g o  o f f  for a tim e a ccord in g  to  the  
m anu factu rers instructions.
Figure 5. Adhesive being applied in a sweeping motion
T h e v in y l is  then p la ced  o ver  the a d h es iv e  and brushed to ev en  out the texture. T he  
e d g e s  are so ften ed  w ith  heat (figure 6 ) and ca refu lly  cu t to the ex a ct s iz e  required. 
T h e  sea m s are w e ld ed  togeth er to fin ish  o f f  the v in y l and create a co m p lete  
product.
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Figure 6. The edges o f the vinyl are softened with heat before being cut to size
T h is d escr ip tio n  sh o w s that there is  a great d ea l o f  atten tion  and sk ill required in 
order to  f it  w h at co u ld  b e  thought o f  as a s im p le  v in y l flo o r. T he range o f  
a p p lica tio n s and typ es o f  industrial f lo o r in g  are as d iv erse  as the sk ills  n eed ed  to fit 
them .
T h e  m eth od s o f  ap p lica tion s in c lu d e  p a in tin g  (f lo o r  pain ts, e p o x y  g lo sse s ) ,  
b rush ing  (prim ers, etch ers), ro llers (co n crete  repair, e p o x y  resin s), trow elin g  
(co n cre tes , a d h es iv es, m ortars), sh o v e llin g  (b itu -m en d ) to  la y in g  the fin ish ed  
p roduct (carp ets, underlay, v in y l) . T h is  is  by  n o  m ea n s a co m p reh en siv e  list.
E ach  app lica tion  depend s on the type o f  f lo o r in g  u sed . There is  o f  co u rse  a great 
d ea l o f  f lo o r in g  ty p es ava ilab le  for  industry. S o m e  o f  the ca teg o r ies are d escr ib ed  
in  order to  g iv e  so m e  idea  o f  the range o f  m ateria ls and properties availab le .
3.4 Summary
T h is  chapter has sh o w n  that in  the h o m e  en v iro n m en t there is  a great dea l o f  
e m o tio n a l attachm ent to f lo o r in g - a lth ou gh  o ften  u n co n sc io u sly . T here are 
d iffer in g  dem and s p laced  on  the f lo o r  that h a v e  e v o lv e d  through d ifferen t cu ltures  
h a v in g  d ifferen t env iron m en ts. T he req u irem en ts o f  an industrial f lo o r  are d iv erse , 
w h ic h  h as resu lted  in  a m ultitude o f  o p tio n s  fo r  the floor.
W e  can  co n c lu d e  that an in n o v a tiv e  flo o r in g  so lu tio n  is  m ore lik e ly  to  b e  accep ted  
b y  certa in  so c ia l groups and exp erts than others. T h erefore  the in n o v a tiv e  f lo o r in g  
so lu tio n  m ust be carefu lly  research ed  and m arketed  in a particular w ay .
T here are a large variety  o f  flo o r in g  o p tio n s a v a ila b le  in  the m arket p la ce- a lthough  
th ey  are not sim p le  to fit. T here m ay be a n ich e  in the m arket for  a f lo o r  that is e a sy  
to  fit, s im p le , y e t versa tile  en ou gh  to  in c lu d e  a num ber o f  f le x ib le  d esig n  sy stem s. 
T h is  co n cep t w ill be  taken further in the n ex t sec tio n .
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4 Pour-A-Flor
4.1 Background
The way in which Interface Europe generates new flooring solutions through the 
Process Materials Research (PMR) department has been described in the 6-Month 
report (Carter, 2004). The PMR Manager has the ultimate responsibility for 
agreeing projects, setting objectives and a project leader.
However, a new role of Innovations Director was recently created, directly 
reporting to the Senior Vice President, Central Marketing. This role has 
responsibility for an Innovations Pipeline of ideas and products and bringing these 
wider projects to completion.
As part o f this new brief, on the 12th and 13th May 2004 Interface Europe facilitated 
an Innovation Workshop with a number o f experts. The aim of this workshop was 
to formulate new ideas for the floor coverings and interiors market based on the 
principles of sustainable living and restorative behaviour.
The experts were from a wide range of experience and backgrounds designed to 
give a good mixture of ideas and creative inputs. There were textile technicians, 
marketers, consultants, sustainable designers, academics, sustainable thinkers, 
mathematicians and engineers.
The first day began with an introduction to Interface and the ideas of Ray 
Anderson, who has created the company’s 2020 vision. There then began a debate 
regarding the challenges laid out with a view to build preliminary concepts on the 
future state o f working and living spaces.
A number o f issues that face Interface were identified as part of this first session 
that require consideration as part of the future of this project. In particular a number 
of new concepts and ideas for Interface to develop were suggested. There were a 
number o f ideas that evolved as part o f this which were direct flooring suggestions. 
One o f these was described as Por Man’s Floor- a pourable biopolymer flooring 
that is entirely biodegradable.
This concept was developed until it became know as Pour-A-Flor (PAF) and is 
defined by the fuller concept brief below.
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4.2 Concept Brief
4.2.1 Concept Description
The following section describes the ideal performance characteristics of the Pour- 
A-Flor system. The PAF concept is a modular flooring system. The concept is 
positioned at the top of the waste hierarchy in that it generates no waste at 
installation, is made from renewable resources and is entirely biodegradable. The 
material taken from the Earth when PAF is made is returned in a usable form.
PAF is a multipart system and the concept offers flexibility with creativity as the 
floor is literally poured either onto an existing surface or a new design. PAF is a 
design-upwards system, in that it encourages the customer to begin creating a room 
from the base upwards and consider the floor as a major design tool.
The underlay, or design substrate, that makes up the design has a range of 
possibilities. This provides the visual mood for the surface as it provides design 
flexibility in colours, shapes, patterns and brand identity. Interface would suggest 
design ideas and sell templates for use within PAF to encourage individual 
customer creativity.
The PAF is self-levelling and offers a hygienic seal for the floor, which will be 
designed to be an impervious barrier to water and microorganisms so making PAF 
ideal for wet areas. The top surface for PAF will be provided in a one or two-part 
system that can be purchased off-the-shelf in liquid form. The floor will be 
designed to set-to-touch quickly (2 hours maximum) and to harden for contract use 
within a designated time (6 hours maximum).
The floor is easy to clean, as the surface can be rough (through the addition of 
particles into PAF), but not fibrous. The surface can be vacuumed and mopped 
using conventional methods without damage to the surface.
PAF can be removed from the substrate and the biodegrading initiated through the 
application o f a ‘remover’. This could be composted in-situ or in a designated 
composting facility without the need for further treatment by over 90% in 90 days 
as defined by the ISO standards (Murphy, 2004).
Collaborations and partnerships are essential to the success of this concept.
Interface requires external partners to provide technical assistance to provide initial 
biopolymer material. Technical assistance will be required from academic 
partnerships to assess the structure and surface chemistry o f the prototypes. The 
external partners will also assist in the advancement of the prototypes through to 
small-scale production phase.
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The envisaged characteristics of the PAF system are that it:
•  Is a one or two part system
• Is made from entirely renewable resources
•  Is entirely biodegradable
•  Offers an impervious barrier to liquids and micro organisms found in 
everyday use
•  Is simple to install- including setting and hardening quickly
•  Will be possible for anyone to customise the sub-floor
• Is versatile enough to be used in many climates.
4.2.2 Target Audience and Customer Value Proposition
The benefits to the customer are in design, health and environment. The specific 
benefits to the market sectors are defined below
•  Health: The impervious barrier to water and microorganisms will be 
essential to the healthcare industry in wet areas to preserve hygiene. Zero 
VOC emissions and a complete hygienic seal offer health benefits to all, 
with a reduction in contribution to ‘sick-building syndrome’. Immediate 
health benefits to the user will result from the reduction of emissions to the 
local environment post-installation. The user will therefore experience a 
healthier atmosphere resulting in less sick-days and greater well-being.
•  Hospitality and Leisure: The hygiene o f the product is further enhanced 
by the ease o f cleaning, making it ideal for hospitality and healthcare 
markets. Harsh chemical cleaners are not required, reducing costs and 
decreasing airborne and physical risks to the vulnerable user. This is of 
particular advantage to the business customers as there is a reduced risk o f  
accidents in public buildings resulting in financial savings. Brand identity 
and visual individuality can be expressed with little lead-time to product 
implementation from design, therefore users will receive the benefit o f 
innovative fashionable designs and visual stimulus.
• Public Sector: With the movement o f ‘Green Buildings’ into the 
mainstream (INTEGER, 2005, Curan, 2003), the environmental benefits o f  
PAF will appeal to architects and designers, further promoting Interface’s 
vision. The health benefits and stability of PAF are particularly welcome to 
those in the public sector who are vulnerable to litigation (Accident 
Compensation Information, 2005).
• Residential: For the home consumer the increased use of digital 
photography and home computing will allow personalisation of the sub­
floor that cannot be achieved with conventional methods of floor-covering.
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•  Exhibitions: The sub-floor can be customised quickly to adapt to rapidly 
changing fashions, as well as encouraging the business customer to view  
the floor as a marketing tool. The floor is simple to install and remove 
making a quick turn-around possible during changes to exhibitions.
•  In-Store: The flexible nature of PAF will offer buyers the opportunity to 
adapt the floor to up to date promotions and store-lay-out. The floor may be 
used as a guiding tool for the customer to encourage them to visit particular 
areas in-store.
• Commercial Office: Individual personalisation of PAF will enable office- 
users to adapt their environment to suit their needs quickly. The hygienic 
nature of PAF and the zero VOC emissions will ensure that the local 
environment is not compromised by installation, as is the case temporarily 
during the instillation of some soft floor coverings and industrial flooring 
systems (Wallace, 1987).
4.2.3 Customer Reach
This concept has the ability to penetrate diverse markets, as the product is so 
versatile and flexible.
This concept will mostly appeal to end-users and designers as it offers full design 
flexibility with colours, textures, shapes etc. With the increased use of digital 
photography and home-decorating programs, this concept completes the ‘design 
vision’ and brings the floor to the forefront as a design tool.
In moving toward a design-upwards system the focus during renovation can change 
to the floor and consequently its promotion can be increased. This greater 
awareness will enable Interface to promote its vision through the increased product 
focus. The flooring will be changed more frequently as it becomes higher fashion. 
Although the use o f material here would increase, it may not be detrimental to the 
environment as it could be generated from renewables and returned as benign 
emissions to the earth.
If Interface can develop the residential sector then the end-user awareness can be 
greatly expanded. The concept will be extremely influential in raising customer 
awareness of Interface and the 2020 vision of sustainability, since Interface does 
not currently have a high volume of business to consumer sales.
4.2.4 Time To Market
This is estimated at 5-10 Years. This can be estimated from the following time 
scales.
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Phase I: 0-6 months; Concept brief defined, essential partnerships 
explored and established.
Phase II: 6-12 months Initial prototyping of polymer.
Phase III: 12-18 months 
Phase IV: 18 months- 2 years 
designs.
Testing of polymers and substrate.
Set o f prototypes completed with
Phase V: 2- 4 years Market research, costing, full-scale testing, 
and small-scale installation leading to one 
prototype.
Phase VI: 4 -1 0  years: Small-scale production, costing, full ROI 
calculations, modification in line with market 
response continuing to large-scale production.
The first six months o f this project was defining the concept brief and establishing 
partnerships in order to acquire the relevant expertise. Agrotechnology and Food 
Innovations (A and F) were identified as a leading biopolymer researcher that 
could provide valuable input to this project.
In order that a prototype could be developed, the second phase o f the project was 
further divided into 4 tasks:
• Translation of the PAF concept into measurable properties
• Proof-of-principle A and F oleochemical binder technology
• Screening of available casting technologies
• Feasibility o f other systems
The translation of PAF into measurable properties led to the prototype 
requirements that are described in the next section (4.3).
The second phase of the project concentrated on the oleochemical binder 
technology and various other options were suggested as a result o f the review that 
concentrated on possible pourable biopolymer systems. The research also 
comprised investigating other biopolymer systems, as shown in Chapter 2.
Available casting technologies were examined and a patent search completed to 
assess if  any product currently available fulfilled the prototype requirements. This 
is shown in the next section.
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4.3 Prototyping
4.3.1 Requirements
A s  p rev io u sly  d escr ib ed , on e  o f  the first tasks w a s  to translate P A F  into  m easurab le  
properties in order that the p rototypes can  be a sse sse d  aga in st a standard. It w a s  not 
in tended  that the prototype requirem ents w o u ld  be th ose  o f  the product, but rather  
an in term ediate  product. T h is en su res that o p tio n s  rem ain  open  for the first stage  o f  
th is project, as properties can  be refined  through ex p erim en ta l eva lu ation  and  
a ssessm en t. In order to d e fin e  the prototype  req u irem en ts, a num ber o f  tasks n eed  
first be c o m p leted . T h e se  are sh o w n  in the fig u re  b e lo w .
Prototype
Translation of PAF 
into measurable properties
Review of current bic 
teclmologies
aner
Screening of existing casting 
teclmologies
Test mg of principal I: 
technology
finer
Figurel. Inputs required in order to create PAF prototype
In itia lly  the im portant characteristics w ere  d e fin ed  as dry ing  tim e, durability  and  
adaptability . T h ey  w ere  exp an d ed  into dry to  tou ch  after a kn ow n  tim e, w ith in  a 
range o f  p e e l strengths, and a tw o -co m p o n en t or therm ally  activa ted  system , w h ic h  
is  translucent, n on -hazard ous and m ade fro m  a d e fin ed  am ount o f  ren ew ab le  
resou rces. T h e se  are d efin ed  further for  the p ro to ty p es b e lo w .
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The prototype requirements could then be defined with the aid of the knowledge 
gained from screening of existing casting technologies and reviewing that which is 
currently possible. The existing technologies examined included epoxy resins, 
screeds, resin concrete, resin mortar, floor paint, vinyl and carpet tile. The 
application systems that are frequently used are brush, grooved trowel, spray 
(pump and aerosol), roller, bucket and shovel.
By screening the existing technologies the range o f peel strengths could be defined. 
The maximum was defined as that of a strong adhesive on prepared concrete- 
approximately 10 MPa, and the minimum defined as that o f a magnetic tile on a 
prepared screed, which is approximately 0.75 MPa.
An extensive search into the use of biopolymers, (described in Chapter 2), showed 
that there is little information about pourable biopolymers. Therefore their 
properties were a secondary consideration as the prototype requirements were 
reached after major consideration of that required by the flooring market.
No patents were discovered that precluded further development work.
Technologies in this area are still developing, and although there are many 
pourable flooring systems, these are frequently industrial systems based on epoxy 
resins, concrete or paints, which are based on non-renewable materials and involve 
complex application methods.
Initially the concept brief set the amount of renewable materials contained in the 
product to be at 100%. The literature search revealed no liquid biopolymer systems 
on the market that are 100% renewable. There are some systems currently being 
investigates for use in the laminates industry based on vegetable oils (Fowler, 
2005). However, these are not commercially available and contain a number of 
hazardous processes such as ozonisation and the use of volatile gases.
The testing o f the principal technology is described in section 4.3.2. Based on this 
initial investigation, which showed that there would be much scope for 
improvement, and the lack of pourable biopolymer patents, the renewable content 
o f the prototype was set at 50%. Therefore the prototype requirements are a 
compromise between the ideal and achievable situation.
Based on this search, the prototype requirements were defined as:
1. Dry to touch at 25°C after 6 hours
2. 0.75 MPa < Peel strength on concrete (brushed and set) < 10 MPa
3. Either
a. Thermally activated system or
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b. Optically activated system
c. Several component system with at least one component liquid at 
25°C
4. Materials are non-hazardous (in laying/use/disposal)
5. Translucent enough to see clearly the sub floor through a 1cm layer
6. Made from at least 50% renewable materials and no more than 50% non- 
hazardous materials
Various products in the market place were then compared to the prototype 
requirements in table 1. These are all industrial systems used in various 
applications.
Concrex is a tough epoxy resin mortar for repairing concrete floors. Floor paint is 
used decoratively, although hardwearing and is applied over another flooring, such 
as concrete. Epoxy gloss paint is generally solvent based and must be applied in 
well-ventilated areas. Flow Top is a slip-resistant coating, which can be over­
coated. It is suitable for use on uneven and damaged concrete to produce a smooth, 
high strength surface.
Vinyl is the second largest volume plastic produced in the world (Vinyl Info, 
2005). It is a flexible floor covering provided in roll or tile form that is glued to the 
sub-floor. It is hard wearing and offers good flammability resistance.
Concrex Floor Paint Epoxy 
Gloss Paint
Flow Top Vinyl (roll)
1 V V V V V
2 X X X X V
3 V V V V X
4 V X X X V
5 X X V X X
6 X X X X X
Table 1. Examination of existing technologies compared to PAF prototype 
requirements.
These current technologies do not fulfil the PAF prototype requirements and all fail 
the renewable resources criteria. There are some that can be made from an 
increased renewable content, but have not reached the mass market. Therefore 
alternative has to be sought. The oleochemical binder technology as suggested by 
A and F was initially investigated.
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4.3.2 Investigation of a Possible System
This technology is based on an epoxidised linseed oil (ELO) (figure 2) and cross­
linker (figure 3) that will form a network as the system cures. This results in the 
biopolymer, shown in figure 4.
Figure 3. Cross-linker formed by heating di-ether in the presence of moleic 
anhydride
Figure 4. Cross-linker and ELO react to form polymer
This polymer was investigated principally by using different ratios of cross-linker 
to ELO. A change in ELO:Cross-linker ratio from 1:5 to 1:3 resulted in an 
increased tear dry time from 15 to 24 hours, but a lower full dry time. This 
alteration also resulted in a decreased maximum stress, glass transition temperature 
and Young’s Modulus, with an associated increase in strain at failure. Table 2 
shows the variation in these properties that also occurs with curing temperature.
O 0 0
0 0 0 0
Figure 2. Simplified chemical structure o f ELO
100C
ELO
150°C 15 minutes
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A  6 -sp eed  e lc o m ete r  d ry in g  tim e recorder w a s u sed  to  a sse ss  drying tim e. T h is has  
b een  u sed  e x te n s iv e ly  in  the paint industry to a sse ss  dry in g  tim e o f  coatin gs.
B ritish  Standard E N  2 9 1 1 7  d escr ib es a drying test u s in g  p lu n gers, on  w h ich  the  
drying tim e recorder is  based . H o w ev er , s in ce  this eq u ip m en t w a s not readily  
ava ilab le , the dry in g  tim e  recorder is  u sed  as a gu id e.
A  ba ll tip is  p la ced  in to  the co a tin g  and the recorder b e g in s  to m o v e  this ball at a 
predefin ed  sp eed . A s  the co a tin g  dries, the trace le ft in the co a tin g  by the ball 
id en tifie s  each  stage  o f  the cure. In itia lly  the co a tin g  le v e ls  o f f  under gravity. O nce  
it b eg in s to cure, a th in , dry f i lm  appears on the su rface and so  the ball lea v es a 
trace. T he co a tin g  co n tin u e s  to dry, and fin a lly , after a p eriod  o f  tim e, the co a tin g  is  
to ta lly  cured (E lco m eter , 2 0 0 5 ) . F igure 5 and table 2  sh o w  the results b e lo w .
R esu lts drying time recorder 
Hours
0 5 10 15 20 25 30 35 40 45 50 55
ELO/diacid = 1 :5
ELO/diacid = 1:3
ELO/diacid = 1:1
a
□ Liquid
□  Tear
□  Soft dry
□  D ry
Figure 5. Variation o f  curing time at room temperature, measured using a drying 
time recorder, in comparison to molar ratios o f ELO/Cross-linker
Ratio
E L O :C ross-link er
C uring
T em perature
(°C )
C uring
T im e
S tress-
m ax
(N /m m 2)
Strain at 
Fracture
(% )
T g
(°C )
Y o u n g ’s
M od u lu s
(M Pa)
1:5 2 2 3 days 0 .5 4 0 .6 -4 .4 2
1:3 2 2 3 days 0 .4 3 2 .3 -9 0 .8
1:5 150 3 0  m in 1.4 5 1 .7 6 .2 3
1:3 15 0 3 0  m in 3 .5 63 .1 14.7 6
Table 2. Variation o f mechanical properties tested at room temperature with 
curing temperature and molar ratio
150
These mechanical tests are not conclusive as they were conducted only to give an 
indication of properties. They were performed on a Zwick Mini Hasy System at A  
and F. It is recommended that these tests be repeated in a controlled environment in 
order to achieve consistent results.
The mechanical properties were tested three days after the reaction had begun to 
occur at room temperature. It may be that the reaction is still occurring, albeit very 
slowly. Therefore these tests should be repeated several times after reaction begins. 
It is recommended that they are repeated several days, weeks and months after the 
two components are mixed, and after aging tests under increased temperature and 
UV light. This will be expanded upon when the next stage o f the project is defined 
further.
However, as previously stated, these tests were designed to give an indication of 
mechanical properties and can therefore be used as a guide to performance. The 
conclusion that can be reached is that these polymers are rubber-like in their 
performance, with low Young’s Modulus and high strain at failure. This is 
advantageous at this stage in the development of PAF as the material can resist 
impacts and properties can be further modified at a later stage.
The main drawback with this system is its curing time o f over 50 hours. As a first 
step to reducing this, catalysts were introduced at 1 wt% in order to assess if a 
reduction in curing time could be achieved. The results o f adding three catalysts to 
the molar ratio 1:3 are shown in figure 6.
1 wt% would give a good initial indication of catalyst effect, although different 
amounts should also be investigated as part of the second stage o f this project. 
Manganese is known as a surface dryer (Hardy, 2004), whereas tin and zinc are 
used in the form of salts in order to increase electron transfer during reaction. It 
may be that the manganese dries a thin coating quickly (as is shown by the drying 
time recorder), but does not work as effectively for thick coatings, which may be 
laid down as PAF (Hardy 2005).
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(1 % Manganese 
1 % Tin 
1 % Zinc
) 1
Results dr
0 2
ylng time r<
Hours
0 3
reorder
0 40 50
□ Liquid QTear □ Soft dry □ Dry
Figure 6. Showing variation o f curing time with the introduction o f catalysts to 
the 1:3 ELO:Cross-linker ratio mix
T h ese  in itia l ex p erim en ts sh o w e d  that the curing tim e co u ld  b e  red uced  by around  
2 0  hours as a first attem pt. A lth o u g h  this is  dram atic, th is requires further 
in v estig a tio n , in order to  v e r ify  the e ffe c t  o f  d iffer in g  the am oun t o f  cata lyst, as 
there m ay be en v iro n m en ta l factors that lim it their use.
A n  im portant n ext step  fo r  th is in v estig a tio n  is to c o n sid er  the e ffe c ts  o f  d ifferent  
am ount o f  cata lysts o n  the reaction  rate. T here are a lso  a nu m ber o f  other ca ta lysts  
to  consider, such  as su lp hu ric  acid  and sod iu m  h yd rox id e. A lth o u g h  th ese  are not 
co n sid ered  en v iro n m en ta lly  fr iend ly , they  m ay prov id e  so m e  in d ica tio n  as to  h ow  
fa st the reaction co u ld  o ccu r  at room  tem perature and e f fe c t  on  m ech a n ica l 
properties. T h is w o u ld  g iv e  u s m ore in sigh t in to  the reaction . I f it is  foun d  that the  
curing tim e can n ot b e  im p ro v ed , ev en  w ith  th ese  p o w er fu l ca ta ly sts , it is u n lik ely  
that the other ca ta lysts w ill  be  ab le  to  im prove  it to the proto type  properties  
required.
T h is in itia l in v estig a tio n  h as sh o w n  that there are a nu m ber o f  p o ss ib ilit ie s  for  this 
particular system . H o w e v er , there are other sy stem s that m ay  b e  w orth y  o f  
in v estig a tio n . T h ese  are d escr ib ed  in the further w ork.
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4.4 Future Work
Although this system o f epoxidised linseed oil and cross-linker has shown a great 
deal of promise as a material for PAF, there are other cross-linkers and oils that 
require consideration. There have been described (Boquillon, 2000) a number of 
cross-linkers that can work with ELO to create a polymer. These are heated at 
150°C in the same manner as the cross-linker previously described. They are listed 
and shown below.
Name Formula Molecular weight (g/mol)
Phthalic anhydride (PA)
0 ^ °
148
Cis-1,2,3,6- 
T etrahy drophthalic 
anhydride (THPA)
y O v
0 = A  / = °
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Methyl-tetrahydrophthalic 
anhydride (MTHPA)
y ° V
° = \
166
Methyl-hexahydrophthalic 
anhydride (MHHPA)
168
Methyl-
endomethylenetera- 
hydrophthalic anhydride 
(METH)
178
Table 3. Cross-linkers that may be used to form a polymer with ELO
These cross-linkers have been used with epoxidised linseed oil and basic catalysts 
(Boquillon, 2000) and are mixed and heated to 145°C for 15 minutes to cure. 
Although they are solid at room temperature, they could be dissolved in solvents 
for application. This may not environmentally preferable as the cross-linkers and 
solvents must be chosen and investigated carefully.
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A lth o u g h  the future w ork  w il l  co n cen tra te  on  the prim ary sy stem , there is so m e  
sco p e  for in v estig a tin g  o ther o p tio n s . T h e  fo llo w in g  ser ies  o f  e x p erim en ts w ill be  
con d u cted  in to  varyin g  the am oun t and type  o f  crosslin k ers and cata lysts.
T h e ratio o f  E L O :cro ss-lin k er  w ill  b e  varied  w ith in  the lim its p r e v io u sly  u sed  from  
1:5 to 1:1 in increm en ts o f  0 .2 5 . T here w il l  a lso  be ex trem e m easurem ents  
con d u cted  w ith  both  the ca ta ly st and cro ss-lin k er  in ex trem e e x c e s s .  It is  su g g ested  
that from  1 -10  wt%  o f  ca ta ly st is  first u sed  in  increm en ts o f  1 w t% . O n ce  th is has  
g iv en  an ind ica tion  as to the id ea l am oun t o f  ca ta lyst for  the sy stem , th ese  
exp erim en ts w ill be co m b in e d  in order to estab lish  the idea l m ixture o f  all 
com p o n en ts .
T here are severa l ca ta lysts that h a v e  b een  su g g ested  and th ese  w ill  a lso  be  
ex a m in ed  by  varyin g  the am oun t and ty p e  o f  cata lyst. I f  the sy s tem  d o e s  not sh ow  
prom ise  at th is stage , the cro ss-lin k ers w il l  be  altered to determ in e  i f  th ese  can  be  
m ore e ffe c t iv e  at the sa m e ratios.
A  su g g ested  project p lan  for  the n ext s ix  m onth s is sh o w n  b e lo w .
March April May J u n e Jul y A ug us t
Vary amount of cross-linker
Testing Iaz
Vary catalysts amount
Testing Zz
Combine Results
Obtain different catalysts
Vary type of catalyst i * ■Testing z■
Combine Results
_
Change Cross-linker- diols
Use sam e catalysts
Vary type of catalyst
Testing
Combine Results
Figure 7. Gantt chart showing suggestion for next 6 months o f PAF work
A t the end o f  the s ix  m on th s w ork , it is  su g g ested  that the n ex t p h a se  is  ended  and 
a ssessed  again. It m ay b e  that at th is p o in t another a lternative  te ch n o lo g y  b e c o m es  
m ore favourab le  as it b e c o m e s  apparent that th is te ch n o lo g y  is  u n fea sib le .
D eta iled  p lans for the n ext 6  m on th s, and ou tlin e  p lans for the su b seq u en t 2 years  
are set out in the n ext chapter.
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A bstract
“The aims of the project are to develop innovative materials and flooring to migrate 
the textile flooring products towards the company’s vision of sustainability. This 
will involve a holistic consideration o f the supply chain from sourcing renewable 
raw materials, improving/re-engineering production processes, refurbishment, 
recycling, downcycling and disposal.”
A review of current material and processes at Interface shows that many of the 
materials employed are unsustainable and hence do not fit with the company’s 
2020 vision.
Natural raw materials have been reviewed as alternatives to the petrochemical- 
based feedstock used currently in the manufacturing process. These have been 
readily available for a number o f years, they have been tested extensively and the 
technology exists to facilitate their use. However, performance has proved critical 
within the flooring industry and therefore a more refined feedstock is required for 
use within current products and innovative flooring concepts.
The preliminary part of the EngD project was to evaluate the current methods of  
manufacturing carpet tiles and assess where obvious reductions in environmental 
impacts could be made. Carpet tiles comprise o f a face yam and a backing system 
that contains, by weight, 3% fiberglass, 1-2% fleece and over 95% bitumen mix 
(comprising 33% pre-modified bitumen and 67% limestone filler). A significant 
increase in recycled content of the product can be achieved by replacing the 
greatest ingredient by weight i.e. the limestone in the backing, with recycled 
material that is currently diverted to landfill. The 12-month report described the 
increase of recycled constituent by replacing this limestone filler
This report describes the initial investigation into the use of a bio-resin based on 
renewable oils. There are many opportunities that are becoming clear for the use of 
the material within both Interface Europe and the market for interior furnishings. 
These are described within the further work section.
In order to investigate the use of this material within other flooring concepts, the 
relationship between consumer and flooring was examined. The concepts were then 
evaluated against these requirements and several have been taken further within the 
business. Two of these concepts are described and explored as Pour-A-Flor and 
‘Sustainable’ Interlock.
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‘Sustainable’ Interlock uses the bio-resin within a tile system and has been chosen 
as the project to be investigated through the next phase of this project. The future 
work section shows that the further work will be sub-divided into several sections. 
These include materials selection criteria, materials testing, feedback and testing of 
several flooring systems.
This project will ultimately result in a new flooring system, suitable for use as 
resilient flooring but with reduced environmental impacts over its lifetime in 
comparison to the product currently being manufactured by Interface.
The material used for this system also shows potential for use elsewhere within the 
company. Therefore this project may have more wide-reaching implications for the 
business and increase the circle of influence surrounding the story of sustainability.
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1. Introduction
Background to the Carpet Making Industry
In order to understand the context o f this Engineering Doctorate project, a 
background to the carpet making industry must first be established. This chapter 
will then introduce Interface Inc. and their role in establishing a more sustainable 
industry. It will be shown that although great progress has been made in the last ten 
years, there is still more work to do.
The carpet making industry has its origins around 4,000 years ago in Egypt, 
Mesopotamia and the Middle East. The oldest known rug discovered was from 
around 400BC, known as the Pazyryk carpet (Huntington, 2005). The industry has 
evolved from home weaving, through the industrial revolution to woven and then 
tufted carpets. Today the carpet industry is worth around US$25 billion at the mill 
level annually (CRI Sustainability, 2001).
Carpet tiles now comprise approximately 40% of the soft flooring purchases for the 
contract market in the UK. It is estimated that 73,000 tonnes of non-renewable 
materials are consumed by this industry and 5,800 tonnes of industrial waste 
produced per annum (Anderson, MCC, 1998).
A carpet will typically be composed of a face yam, primary backing, a bonding 
compound and often a secondary backing (Figure 1).
Bonding
Agent
Primary f  Backing 
>  Fabric
Tuft
Secondary 
Backing Fabric
Figure 1. Typical cut pile carpet profile
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F igu re  2 sh o w s that in 2 0 0 3 , 9 6  % o f  the carpet fibre produced  in the U n ited  S ta tes  
w a s p etro ch em ica l based . N y lo n  has b e c o m e  u sed  in such  large q u antities as it 
o ffer s  lo w  co st, e x c e lle n t  w ear res istan ce  and abrasion resistance.
Polyester
7%
Olefin
35%
Figure 2. Annual fibre consumption in the US by weight (The Carpet Primer, 
2003)
It w a s  n ot a lw a y s the c a se  that n y lo n  w a s used  so  ex ten siv e ly . W o o l w a s the 
trad ition al m ateria l u sed  in  carpet m anu facturing, as it w a s c o st  e f fe c t iv e  and  
read ily  a v a ila b le  from  lo ca l ren ew ab le  resou rces.
In the 1 9 6 0 s  v is c o se  b ecam e m ore fa sh io n a b le  and w a s tried as a cheaper  
alternative  to  w o o l. H o w ev er , in com p arison  to its natural counterpart, its w ear  
properties w ere  poor, the y a m  tended to flatten  and it burned e a s ily  (C o lto n , 2 0 0 4 ) .
N y lo n  w a s su b seq u en tly  added to w o o l w ith in  yarn sy stem s, ty p ica lly  at 2 0  % by  
v o lu m e . T h is  in creased  durability  co n sid era b ly , w h ils t  reta in ing a sim ilar fe e l  (C R I  
Prim er, 2 0 0 3 ) . F or ex a m p le , w o o l carpet ty p ica lly  su rv iv es 7 -  9 ,0 0 0  r ev o lu tio n s o f  
an abrasion  m a ch in e  (B S  E N  1 8 1 3 :1 9 9 8 ), w h ereas a 2 0  % n y lo n  add ition  in crea ses  
the su rv iv a l to  3 0 -  5 0 ,0 0 0  rev o lu tio n s (N u n n ey , 2 0 0 4 ) .
T h e  s im u lta n eo u s grow th  in  the p la stic s , p e tro ch em ica l and o il industries du rin g  
the m id  tw en tieth  cen tury  resu lted  in a vast red uction  in c o st and a co n seq u en tia l  
b o o m  in  the u se  o f  p la stic s  (Subram anian, 2 0 0 0 ) . In add ition , w o o l requires a great  
d ea l o f  p r o c ess in g  su ch  as scrubbing, c o m b in g  etc . and can  o n ly  len d  it s e lf  to  y a m  
spun from  stap le  fibre. B y  contrast, syn thetic  fibres can  be stap le  or co n tin u o u s.  
C o n tin u o u s fila m en ts have  the b en efits  o f  b e in g  ch eap er  to p ro cess and ca u se  lo w  
o ff-q u a lity  le v e ls .
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Hence, the use of nylon began to increase considerably within the carpet industry, 
at the expense of natural materials such as wool for which use declined to the 
lowest point ever.
There have been attempts within the industry to reintroduce natural materials, 
increase recycled content, reduce waste, increase renewability and generally reduce 
environmental impacts. There are minor companies that offer a variety of floor 
coverings containing a quantity of natural materials. Those most often included are 
wool, jute, hemp, fiscal, cotton, wood, silk, linen and bagasse (Geosites, 2003). 
However, these have remained relatively small-scale operations and the use of 
these products has generally been limited to the residential market. These materials 
are discussed further in chapter 2.3.
1.2 Interface Inc. and Sustainability
1.2.1 Global Progress
In 1995 Interface Inc. sold $802 million worth o f carpets, textiles, chemicals, and 
architectural flooring. In order to achieve this, the company, along with their 
suppliers extracted 2.69 million tonnes of material from the Earth’s stored natural 
capital. Of this, 880,000 tonnes was relatively abundant inorganic material, mostly 
mined from the Earth’s crust and 1.76 million tonnes originated from 
petrochemicals. Roughly two-thirds of these petrochemicals were burnt up in order 
to convert the remaining third and the inorganic material into products (Anderson, 
MCC, 1997).
In 1994 Ray Anderson set out his vision o f sustainability for the company he 
founded in 1973. He challenged his associates “to be the first company that, by its 
deeds, shows the entire industrial world what sustainability is in all its dimensions: 
people, process, product, place and profits- by 2020- and in doing so we will 
become restorative through the power o f influence”.
Sales at Interface Inc., ten years later, now stand at around US$1 billion. However, 
carbon intensity is down by a third, greenhouse gases are down by 46 % in absolute 
terms, despite the increase in product volumes, and water usage has been reduced 
by 78 % per square metre of product (Anderson, 10th Anniversary message, 2004).
Interface Inc. has therefore made considerable progress in addressing the 
environmental issues faced by the carpet industry. Even just by using carpet tiles, 
the main product o f Interface Inc., installation waste can be reduced by 67 % 
(Interface, Why Modular?, 2003).
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Interface Research Corporation (IRC) in the US is intended to support this vision 
by providing basic research and technical support to all the Interface subsidiaries 
worldwide, providing leadership in the development of socially sustainable 
practices and developing newer and more environmentally friendly technologies, 
process and products towards the goal of sustainability.
However, traditional research also requires innovation. Therefore a recent 
development has resulted in the creation of a Global Innovations Group. This group 
has responsibility for inspiring and exploring innovations, partnerships and 
concepts to support the global sustainability initiative.
1.2.2 Progress Within The UK
Interface Inc. is the largest manufacturer of carpet tiles globally and Interface 
Europe manufactures 24 % of the carpet tiles for the contract market in the UK and 
Ireland, producing over 3.6 million square metres per annum.
Interface Europe has focused on reducing waste, reducing water usage, reducing 
energy requirements and the use of 100 % renewable energies throughout the UK, 
in line with global achievements.
There has also been the introduction of Cool Carpet, the industry’s first climate 
neutral carpet. The level o f greenhouse gas associated with the life cycle of the 
carpet, expressed as CO2 equivalent, is offset through investment in projects that 
reduce or reverse the impact of those emissions (Interface, Cool Carpets, 2005).
Interface Europe has made similar progress to Interface Inc. in tackling the seven 
fronts of sustainabiliy as they have defined them; eliminating waste, having only 
benign emissions, using renewable energy, closing the loop to use recycled or bio­
based materials, using resource-efficient transportation, sensitising stake-holders 
and redesigning commerce.
It is clear that closing the loop is one issue that can be more easily and quickly 
addressed when the materials used in the product are assessed. This would be a 
further step on the way to sustainability.
1.3 Project Aims and Structure of This Document
This project began by analysing the constituents of a carpet tile and assessing the 
way in which these could be altered to facilitate a more sustainable product. 
Interface identified, as a first consideration, the introduction of recycled or 
renewable materials.
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There has been a continuing need to introduce a greater amount o f recycled 
material within UK products. This situation was primarily addressed by an 
investigation into the filler that makes up a majority o f the product. The results of 
this investigation that intended to increase recycled content of the product to 70 
wt% are described in Appendix A.
This report also describes alternative methods o f providing a flooring product than 
that which is currently offered by the carpet tile, manufactured from mostly 
petrochemical feedstock.
There are other feedstocks that have arisen during the course of this investigation to 
be considered for use in UK manufacturing sites, such as renewable materials, and 
these are described in Chapter 2. These may be designed to replace the components 
of a carpet tile or may be used in other innovative concepts. Chapter 2 also 
describes the perceived and actual barriers to their use.
Other methods of offering flooring to those existing products are described in 
Chapter 3. These innovative concepts may be able to make use of these renewable 
materials to offer a similar service in practice, without compromising performance. 
These concepts are known as ‘Pour-A-Flor’ and ‘Sustainable’ Interlock and can be 
based upon a resin manufactured from renewable resources.
Chapter 4 describes the future work that is required to progress ‘Sustainable’ 
Interlock towards a prototype. This project would result in the replacement of PVC 
with a material that is o f lesser environmental impact.
This report concludes with a projected plan for the next 2 years.
The aim of this project is to produce an alternative method of providing all the 
services that current flooring offers, with a reduction in overall environmental 
impact over the entire life cycle.
This project would facilitate the move towards sustainable production by 
introducing recycled and renewable material into current products. This project 
also aims to further research into novel renewable systems so that they may be used 
in novel flooring systems in the future.
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2. Renewable Materials
2.1 Introduction
The basic construction of carpet has been outlined in the previous chapter. 
However, in order that carpet tiles can be placed directly on a sub-floor and offer 
dimensional stability within a range o f humidity and temperature, a backing is 
required. The constituents o f the backing are examined here.
This chapter describes the materials currently used for carpet tile construction and 
makes the case as to why they cannot continue to be used in a sustainable 
company.
There are several options for replacing this material and in this chapter two o f these 
options are explored- replacing constituents with recycled material and replacing 
constituents with renewable material.
2.2 Carpet Tile Manufacture
This section describes the materials that make up the carpet tile backing and the 
proportion of environmental impacts they contribute in comparison to the entire life 
cycle of the tile. First the carpet tile construction will be examined and evaluated.
When constructing a carpet tile from a tufted piece of cloth, a pre-coat is applied 
first to hold the fibres in place, followed by gradual build-up of a complete backing 
system. The end result is that the backing contains, by weight, 3 % fibreglass, 1-2 
% polypropylene fleece and over 95 % bitumen mix (consisting of 33 % bitumen 
which has been modified for this use and 67 % limestone). The bitumen mix is 
applied hot and cooled to allow it to set and bind the other elements together.
Figure 1 shows the resulting construction made up o f these constituents.
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Pile made according 
to tiie moat modern 
tufting tec??r>icije's.
Dc»ub
Dvucte layer of 
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Figure 1. Illustration o f Graphlex backing system
T here are inherent prob lem s w ith  each  o f  the c o m p o n en ts  su ch  that they  cannot  
participate in a su sta inab le  product.
A lth o u g h  it co n stitu tes  little  o f  the w e ig h t o f  the b ack in g , there are con cern s for  
health  and the en v iro n m en t during the m anufacture o f  fib reg la ss  (H esterberg, 
2 0 0 1 ) . It a lso  h as h ig h  environ m en ta l im p acts as it is  m an ipu la ted  through a great 
d ea l o f  en erg y -in ten s iv e  p ro cesses  (K riv tso v , 2 0 0 4 ) . T here are natural m aterials  
that can  o ffer  d im en sio n a l stab ility , su ch  as ju te  fib res in  a rubber m atrix (G R C , 
2 0 0 5 );  h o w ev er , th ese  are bu lky  and currently not c o s t-e ffe c t iv e .
T h e fle e c e  is m ade from  p o ly p ro p y len e , m anufactured  from  p etro ch em ica ls , as is  
the bitum en: i.e . they are un su sta inable  in the lo n g-term . T here are other  
a lternatives that m ay be sou gh t, h o w ev er , su ch  as a natural fibre in stead  o f  the 
f le e c e . R ep la c in g  the b itum en  as a cheap , e a s ily  m an ip u la ted  rubber-like su bstance  
is  m ore p rob lem atic  sin ce  the purpose o f  th is m ateria l is to form  bulk  at a co st-  
e ffe c t iv e  lev e l. N atural rubbers that m ay be u sed  are h igh er  c o st  in general 
(H ig h w a y  M ain ten an ce, 2 0 0 5 ).
T he lim esto n e  is  quarried from  a lo ca l sou rce and is  un su sta inab le . T h is is the 
co n stitu en t that m ay o ffer  the ea s ies t su bstitu tion , as its  ro le  is  s im p ly  to p rovide  
bu lk  as inert filler .
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If the supply chain o f the carpet tile is examined, it can be shown that the greatest 
environmental impacts arise from the embodied energy in nylon used in the face 
yam. Although it contributes only 8 % o f the embodied mass, it contains 38 % of 
the total embodied energy and contributes 49 % to the global warming potential 
(GWP) (Interface LCA, 2002).
Life cycle analyses show that the large amount of processing is an important factor 
in the environmental burden o f the carpet tile, although it is dwarfed by the 
environmental impacts o f the petrochemical-based materials. Examining the GWP 
only, the distribution of impacts is virgin raw material impacts, 71 %, energy in 
manufacture, 16 %, transportation, 1 %, use, approximately 3 % and end-of-life, 
approximately 9 % (Interface LCA, 2002).
It can therefore be seen that although substituting some of the backing material 
with a recycled alternative can make easy gains, replacing the nylon with a material 
having lesser environmental impact would be the real advance.
It is also worth noting that some attempts have been made at dematerialisation. The 
non-renewable material required to make one unit o f product has been reduced by 
around 40 wt% in the last 7 years (Interface Sustainability, 2005). This has reduced 
the net inputs required and consequentially reduced environmental impacts.
A breakthrough carpet tile has been developed at Interface based on the concept of 
biomimicry- the idea that natural systems can guide the design of man-made 
products (Benyus, 1997). Typically carpet tiles have to be laid in a predefined 
pattern to achieve the desired visual effect, creating small amounts of edge waste. 
“Entropy” carpet tile is laid randomly and therefore provides near-zero installation 
waste.
The Entropy range has also lead to the “Inspiration Squared” range which 
comprises a wide range of designs, also based on biomimicry but incorporating 
contemporary styles. Using this type of tile can extend the lifestyle of the 
installation, as tiles can be interchanged when different traffic areas exhibit 
different wear rates.
RE:Entry is the name given to tiles that have been returned to Interface, refurbished 
and then donated to non-profit organisations (Interface website, 2004). Since 70 % 
of carpet is discarded because of colour concerns, this is a route worthy of 
consideration (Color Your Carpet, 2001).
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It has been shown that Interface has made a number of steps towards redesigning 
the use of flooring in order to reduce the volume of material required to perform 
the same function. However, as previously discussed, the material itself must also 
be altered or substituted to become more sustainable and make progress towards 
the 2020 vision.
2.3 Introduction of Recycled Feedstock
2.3.1 Introduction
A natural first consideration in reducing environmental impact is to use recycled 
feedstock, given that:
• Customer satisfaction is of utmost importance
• Performance is critical
• It is costly to alter capital investment in process machinery,
Although this will not produce a fully sustainable material, it can reduce the total 
amount of raw material and energy required during a life cycle.
Replacing material within a carpet tile with recycled alternatives will not yield a 
solution to the 2020 vision, but will provide a step on the path. This section 
describes two recent attempts to introduce recycled feedstock- that with greatest 
contribution to GWP throughout the life cycle and that with greatest contribution 
by weight.
Although achieving sustainability means much more than offering recycled 
products, along with renewable materials, it is one of the most visible means of 
communicating the sustainability message.
2.3.2 Face Yarn
LCAs show that one o f the greatest environmental impacts of a carpet tile arises 
from the embodied energy in the nylon face yam (Interface, LCA, 2002). In order 
to achieve the greatest single reduction in GWP, whilst retaining performance, the 
face yam can be replaced by recycled material.
There have been attempts within the larger polymer producers such as DuPont 
(Plastics Resource, 1999) to produce recycled nylon yams. The recycled content 
will vary dependent on yam type and colour.
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Recycled yam comprising at least 80 % post-industrial waste has so far been 
introduced within 18 product types at Interface and reductions in overall 
environmental impacts are being achieved.
2.3.3 Backing System
The greatest increase in recycled content in the product can be achieved by 
replacing the greatest ingredient by weight- limestone. This material is mined and 
used as virgin aggregate material, i.e. it is used without further processing 
(Environment Council, 2005).
If this feedstock can be replaced and used in conjunction with recycled yam there 
will be an increase to nearly 70 wt% recycled content from the current recycled 
content of zero in many products.
The introduction of replacement feedstock was investigated as part of the present 
work. A full report is given in Appendix A. The main results are outlined below.
The characteristics of existing and replacement feedstocks needed to be compared 
carefully in order that new materials could be introduced with no compromise in 
performance, both in production and use. The existing virgin material, of known 
and consistent characteristics, was causing the processing line to run below 
optimum speed. Therefore an investigation of this problem and a solution was 
required first before a recycled alternative could be introduced.
The initial investigation examined bottlenecks in the transport of material from 
storage to the processing line. The underlying causes o f the bottlenecks were 
identified and solutions implemented such that a constant line speed improvement 
of some 25 % was achieved.
The recycled feedstock was assessed for parameters affecting flow, such as particle 
size, shape and composition. These data, combined with the increased confidence 
in processing, allowed full-scale trials to be carried out which demonstrated that an 
acceptable line speed could be maintained using this recycled feedstock. These 
experiments also indicated the range of properties that would be required in other 
recycled feedstock.
This result means that the virgin feedstock can be substituted in the process with 
confidence in the machinery, process and method. As a consequence the substituted 
material could be from a recycled source, and when used in conjunction with 
Interface’s recycled face yam this results in an immediate increase to over 70 wt% 
recycled product content.
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The recycled feedstock is now being used for long-term full-scale process trials 
with a view to including this material in every tile produced in the UK in the near 
future.
This work has begun to address the need for recycled content. However, materials 
derived from renewable resources have the potential to decrease environmental 
burdens even further.
2.4 Introduction of Renewable Materials
2.4.1 Introduction
In using recycled materials, there are a number of processing steps required to 
achieve a workable feedstock. An alternative to using recycled material is to use 
one that minimises processing in order to minimise environmental impact. Natural 
raw materials may require little processing to achieve an effective material.
Raw materials may also be processed through a greater number of steps to produce 
a wider range of products with increased performance and greater range of 
properties. These are described in this section and have already been used within 
Interface.
2.4.2 Natural Raw Materials
Introducing natural raw materials into a product are an obvious choice for reducing 
environmental impact. However, traditional flooring products made from these 
sources generally do not pass the same performance criteria that their 
petrochemical counterparts do. For example, wool carpet typically survives 7-9,000 
revolutions of an abrasion machine (BS EN 1813:1993), whereas a 20 % nylon 
addition increases the survival to 30-50,000 revolutions (Nunney, 2004).
Natural fibres can be derived from many sources, e.g. extracted from the leaf, the 
inner bark, fruit, seed, animal wool or hair and insect cocoon. Fibres are used to 
form into threads, yams and ropes that may be woven into tapes or fabrics. One 
significant drawback with natural fibres produced in this manner is that properties 
vary from crop to crop and depend on seasonal variations.
Natural fibres generally have lower tensile strengths, elongation to failure and 
durability than the nylon fibres that are used typically in textile flooring (DTI, 
2003). However, if properties could be improved and made more consistent then 
they could be integrated into wider markets. There are niche markets that make use 
o f these materials (Geosites, 2003).
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Natural fibres such as wool and hemp are not generally used in the heavy contract 
category, such as that used for commercial offices, as they cannot pass the stricter 
performance criteria due to their inconsistency in properties and their lower 
material properties. However, there are other renewable feedstocks that remain to 
be considered for use in industrial applications and these will be discussed in the 
next section.
2.4.3 Processed Renewable Materials
There are a large variety of feedstocks still to be considered for replacing material 
within carpet tiles. The potential for the use o f recycled material and natural raw 
materials have already been discussed.
There are however other materials that may be useful substitutes for the materials 
currently in use. These include processed renewable materials such as bio-based 
polymers, modified plant tissues, modified natural chemicals, water-soluble 
polymers and modified naturally occurring waxes. The manufacture of these 
materials includes a greater number o f processing steps. This processing is less 
desirable than using raw materials in their natural, or near-natural, state as more 
energy is generally used and the length of the supply chain from producer to 
consumer is increased.
Bio-based polymers are still developing but have been used for a number of years. 
Since the 1990s polymers based on renewable feedstocks and natural fibres have 
been used in a variety o f applications, such as biodegradable capsules for drug 
delivery systems (PURAC, 2004), non-woven material in the replacement o f  
human tissue (Eagles et al, 1997), waste bags and packaging material (Van de 
Velde, 2002).
The main driver for the increased use of processed material based on renewable 
feedstock has been environmental superiority in terms of a reduced overall 
environmental impact. An important secondary impact was often their 
biodegradability. These factors may be expected to continue to drive their 
development, as they cannot currently compete in many other features. Volume and 
consequently research investment are still small and therefore they cannot compete 
on a cost-only basis. Biopolymers (those made from mostly annually renewable 
resources) made up less than 2 % of the plastics market in the EU in 2001 
(ERRME, 2001).
Life cycle analyses have been carried out that show that polymers based on 
renewable feedstock are generally better overall than their petrochemical based 
counterparts (Patel et al, 2003). As an example, Starch polymer pellets require 24- 
75 % less energy than polyethylene pellets and GWP can be 20-80 % lower.
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However, there are many more factors to consider in making the choice to go from 
non-renewable to renewable resources such as transport of raw material, genetic 
modification (GM) issues and localised social impacts. The transport issues can be 
great as unprocessed biomass is generally bulky and the end product of low volume 
in contrast to the small size of petrochemicals with a ready network of 
transportation. GM has been an issue at the forefront of European matters (IsiS, 
2005, BBC, 2000 and UK Environment, 2005) and is viewed with suspicion by the 
general public. Social impacts can be great in localised environments as potential 
food crops are substituted for those crops that can be sold further afield at a 
premium (CIGB, 2005).
Even given these concerns, commercial biopolymers have recently found use in a 
wide variety of applications such as polylactic acid (PLA) used as face yam in 
carpet tiles (Interface, 2003), EverCom Resin™ used in drinks containers (Japan 
Cornstarch, 2005) and even another starch based polymer, Materbi™, used in dog 
toys (Novamont, 2005). Biopolymers are used in adhesives, fibres, animal 
products, personal care, medical, garden and more commonly packaging 
applications (Biopolymer.net, 2005).
The processing of biopolymers can restrict their applications to those that are 
thermoformed since a number cannot be formed into films without purification 
steps during extraction. However, the primary concern when considering 
biopolymers as part of a flooring system is the material properties. The material 
must be fit for the purpose for which it is designed.
2.5 Conclusion
A variety of materials have been discussed in this chapter, many of which have the 
potential to replace those currently in use within the carpet tile construction. 
However, there are many barriers to their use, such as performance, consistency 
and reliability of feedstock, ability to process a number of forms and cost. Many of 
these drawbacks are actually imagined, as the carpet tile is engineered to give better 
performance than that which is sustained in practice.
These obstacles are often restricted to the use of the current method of constructing 
a carpet tile. There may be alternative ways of offering flooring without this type of 
construction. Alternative flooring may therefore be able to use renewable materials 
and processed renewable materials without compromising performance or 
perceived performance. This will be discussed further in the next chapter.
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3. Sustainable Innovation
3.1 Background
The previous chapter described the difficulties with maintaining the traditional 
carpet construction, whilst trying to vary the constituents such that they become 
more sustainable. There may be other methods of offering flooring that could be 
environmentally preferable, which are not currently in the marketplace. This 
requires a novel approach to designing flooring systems within Interface Europe.
The Process Materials Research (PMR) group at Interface has responsibility for 
generating new flooring solutions, focused to date on the traditional carpet- 
manufacturing methods. The PMR Manager has ultimate responsibility for 
agreeing projects, setting objectives and a project leader for these types of projects. 
In parallel with the PMR group a new role of Innovations Director was recently 
created, directly reporting to the Senior Vice President, Central Marketing. This 
role has responsibility for bringing an Innovations Pipeline of ideas and products to 
completion.
As part of this new brief, on the 12th and 13th May 2004 Interface Europe facilitated 
an Innovation Workshop with a number of experts, repeated on 25th and 26th May 
2005. The principal aim of these workshops was to formulate new ideas for the 
floor coverings and interiors market based on “the principles of sustainable living 
and restorative behaviour.” The experts were from a wide range of experience and 
backgrounds designed to give a good mixture of ideas and creative inputs. There 
were people who describe themselves as sustainable thinkers, textile technicians, 
marketers, consultants, sustainable designers, academics, mathematicians and 
engineers.
Day one of the first workshop began with an introduction to Interface and the 
company’s 2020 vision. A debate regarding the challenges laid out with a view to 
build preliminary concepts on the future state of working and living spaces 
followed.
A number of new concepts for redesigning flooring for Interface to develop were 
suggested. One concept was described as ‘Pour Man’s Floor’- a fluid biopolymer 
flooring that is entirely biodegradable.
This concept was developed until it became known as Pour-A-Flor (PAF) and is 
defined by the fuller “Concept Description” in section 3.2.
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At the second workshop some of the concepts were fed back to the participants. 
Responses and comments were returned regarding how they had been developed 
which was in turn fed back into the projects. For PAF the suggestions included 
incorporating only renewable particles to provide the design features and perhaps 
creating an intermediate product. The initial concept description is described in the 
next section.
3.2 The Pour-A-FIor Concept
3.2.1 Concept Description
The following section describes the ideal characteristics of the Pour-A-Flor system. 
The concept is positioned at the top of the waste hierarchy in that it generates no 
waste at installation, is made from renewable resources and is entirely 
biodegradable. The material taken from the Earth when PAF is made is returned in 
a usable form.
PAF is a multipart and modular system. The concept offers flexibility with 
creativity as the floor is literally poured either onto an existing surface or a new 
design. PAF is a design-upwards system, in that it encourages the customer to 
begin creating a room from the base upwards and consider the floor as a major 
design tool.
The underlay, or design substrate, that constitutes the design offers a range of 
possibilities. This provides the visual mood for the surface as it provides design 
flexibility in colours, shapes, patterns and brand identity. Interface would suggest 
design ideas and sell templates for use within PAF to encourage individual 
customer creativity, whilst highlighting other areas of sustainability.
The top surface for PAF will be provided in a one or two-part system that can be 
purchased off-the-shelf as a liquid. The floor will be designed to set-to-touch 
quickly (2 hours maximum) and to harden for contract use within a designated time 
(6 hours maximum). The PAF will be self-levelling and offers a hygienic seal for 
the floor, whilst incorporation anti-slip elements, which will be designed to be an 
impervious barrier to water and microorganisms, so making PAF ideal for wet 
areas.
The floor is easy to clean, as the surface can be rough or textured (through the 
addition of particles into PAF), but unlike textile surfaces. The surface can be 
vacuumed and mopped using conventional methods without damage to the surface.
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PAF can be removed from the substrate and the biodegrading initiated through the 
application of a ‘remover’. This could be composted in-situ or in a designated 
composting facility without the need for further treatment by over 90% in 90 days 
as defined by ISO standards 14852:1999,14851:1999 and 13193:2000 (Murphy,
2004).
Collaborations and partnerships were essential to the success of this concept. 
Interface required external partners to provide technical assistance to provide initial 
biopolymer material. Technical assistance is now required from academic 
partnerships to assess the structure and surface chemistry of the prototypes. The 
external partners would also assist in the advancement of the prototypes through to 
small-scale production phase.
In summary the ideal characteristics of the PAF system are that it:
■ Is a one or two part system
■ Is made from entirely renewable resources
■ Incorporates other material as a sub-floor to provide designs that will be 
possible for the home-user to use
■ Is simple to install- including setting and hardening quickly
■ Offers an impervious barrier to liquids and micro organisms found in 
everyday use
■ Is easy to clean
■ Is versatile enough to be used in many climates.
■ Is entirely biodegradable
The concept description shown above is an ideal situation that would require years 
of research and development in order to move to production scale (section 3.2.4). 
The first six months of this project were spent defining the concept brief and 
establishing partnerships in order to acquire the relevant expertise. Agrotechnology 
and Food Innovations (A and F) were identified as a leading biopolymer research 
organisation that could provide valuable input to this project*.
In order that a prototype could be developed, the second phase of the project was 
further divided into 4 tasks:
• Translation of the PAF concept into measurable properties
* Agrotechnology and Food Innovations describe them selves as specialists in market-driven 
research for the food sector and agrotechnology. It is a m odem  research and development facility, 
focusing on the entire supply chain and works in partnership with Wageningen University. Its key  
activities are in bio-based products, quality in the supply chain, food quality, agrisystems and the 
environment. It can offer research facilities that range from the lab to pilot-scale facilities.
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•  Proof-of-principle A and F oleochem ical binder technology
•  Screening o f available casting technologies
•  Feasibility o f other system s
The translation of PA F into m easurable properties led to the prototype 
requirem ents that are described in the next section (3.2.2).
The second phase of the project concentrated on the oleochem ical binder 
technology, suggested by A and F and based on their expertise and strengths.
A vailable casting technologies w ere exam ined and a patent search com pleted to 
assess if any product currently available fulfilled the prototype requirem ents. This 
is shown in the next section.
3.2.2 Prototype Requirements
The PAF concept was translated into m easurable properties in order that the 
prototypes could be assessed against a standard. It was decided that an intermediate 
w ould be an acceptable option on the path to fulfilling the prototype requirem ents, 
providing that the interm ediary can, in turn, be improved. This ensured that options 
rem ained open for the first stage o f  this project, as properties could be refined 
through experim ental evaluation and assessm ent. In order to define the prototype 
requirem ents, a num ber o f tasks were first com pleted. These are shown in the 
figure below.
Translation of PAF 
into measurable propertie;
Prototype
Review of current biopolymer 
teclmoloe tes
Screening of existing casting 
technologies
Testing of principle biopolvmer 
technology
Figurel. Inputs required in order to create PAF prototype
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Initially the important characteristics were suggested to be drying time, durability 
in service and adaptability. They were expanded into the following requirements, 
which were further defined in the prototype requirements:
■ Dry to the touch after a known time, i.e. cured sufficiently to touch, but not 
enough to undergo typical use conditions such as the use of a castor chair
■ Within a range of peel strengths, i.e. the amount of force required to peel 
the material off of a substrate is defined
■ A two-component, thermally activated or UV cured system
■ Translucent enough to observe the sub-floor through a defined layer of 
material
■ Non-hazardous
■ Made from renewable resources- the amount to be defined in the next step
The prototype requirements could then be defined with the aid of the knowledge 
gained from screening of existing methods for casting floors and reviewing that is 
currently possible. The existing technologies examined included epoxy resins, 
screeds, resin concrete, resin mortar, floor paint, vinyl, linoleum, marmoleum, 
cork, laminates, rubber, mosaic, hardwood, carpet and carpet tile. The application 
systems that are frequently used are brush, grooved trowel, roller, spray (pump and 
aerosol), bucket and shovel.
By screening the existing technologies the range of required peel strengths could be 
defined. The maximum was defined as that of a strong adhesive on prepared 
concrete- approximately 10 MPa, and the minimum defined as that of a magnetic 
tile on a prepared screed- approximately 0.75 MPa.
No patents were discovered that precluded further development work. Although 
there are many fluid-flooring systems, these are frequently industrial systems based 
on epoxy resins, concrete or paints, based on non-renewable materials and involve 
complex application methods. This search showed that there is mostly professional 
competence required to apply these fluid systems and therefore some simplification 
of the system is required. These systems should be taken into consideration as they 
could provide further assistance when determining storage and application methods 
and also may provide a test ground for PAF.
The concept description set the amount of renewable materials contained in the 
product to be at 100 %. The literature search revealed no liquid biopolymer 
systems on the market that are 100 % renewable. There are some systems currently 
being investigated for use in the laminates industry based on vegetable oils 
(Fowler, 2005). However, these are not commercially available and involve a 
number of potentially hazardous processes such as ozonisation and the use of 
volatile gases.
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The prototype requirements are a compromise between the ideal and achievable 
situation and therefore the amount of renewable material within the prototype was 
set at 50 wt%.
Based on these observations, the prototype requirements were defined as:
7. Cured sufficiently to be dry to the touch at 25°C after 6 hours
8. 0.75 MPa < Peel strength on concrete (brushed and set) < 10 MPa
9. Either
a. Thermally activated system,
b. Optically activated system or
c. Several component system with at least one component liquid at 
25 °C
10. Materials are non-hazardous (in laying/use/disposal)
11. The sub-floor is visible through a 1cm layer, i.e. within the visible spectmm
12. Made from at least 50 wt% renewable materials with the remainder being 
non-hazardous materials
The next step was to compare various products in the market place and novel 
solutions to the prototype requirements. This investigation is shown in the next 
section.
3.2.3 Results from Initial Screening and Investigation of Candidate 
Systems
3.2.3.1 Introduction
An initial screen of the marketplace revealed a varied and extensive group of 
candidate materials. These included concrete, paints, vinyl and screeds. This 
section describes how some of these candidates fulfil some of the PAF prototype 
requirements.
Those described below are all industrial systems used in various applications.
These systems are compared to the properties that can be obtained during an initial 
investigation into the principal oleochemical technology and scrutinised in table 1 
against the PAF ideal properties.
The principal oleochemical technology was investigated initially for curing time, 
mechanical properties and glass transition temperature. This was to achieve some 
indication as to which systems the technology could be similar to in service. For 
example, if the resin exhibited similar properties to PVC on this small scale, then it 
can be expected to perform similarly in service as a floor. These other systems 
were first compared to the prototype requirements.
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Concrex is a tough epoxy resin mortar for repairing concrete floors. It bonds 
strongly to the substrate and does not shrink when cured. It cures to a slip resistant, 
grey granite-hard finish.
Floor paint is used decoratively in a variety of colours. Although it is hardwearing, 
it is applied over another flooring, such as concrete. It is primarily used in 
industrial settings such as factories, showrooms and garages. It is typically dry 
within 12 hours and is easy to clean when dry (Watco, 2005).
Epoxy gloss paint is generally solvent based and must be applied in well-ventilated 
areas. It provides a similar function to floor paint with a glossy finish, although the 
constituents must be handled more carefully since they are hazardous when inhaled 
(Watco, 2005).
Flow Top is a slip-resistant coating, which can be over-coated. It is suitable for use 
on uneven and damaged concrete to produce a smooth, high strength surface. It is 
stronger than concrete and therefore offers a durable finish. Foot and light traffic is 
possible after only hours of curing time (Watco, 2005).
Vinyl is the second largest volume plastic produced in the world (Vinyl Info,
2005). It is a flexible floor covering provided in roll or tile form that is glued to the 
sub-floor. It is hard wearing and offers good flammability resistance. Polyvinyl 
chloride (PVC) is a major constituent of vinyl and the concerns with this material 
are discussed in section 4.2.2. There are vinyls made from recycled PVC, which 
reduces overall environmental impact, but does not include renewable material.
Criteria Concrex
Floor
Paint
Epoxy
Gloss
Paint
Flow
Top
Vinyl
(roll)
Cure time V X V V V
Peel strength X X X X V
Thermally/optically 
activated or 2 component V V V V X
Non-hazardous V X X X V
Translucent X X V X X
50 wt% renewable raw 
materials
X X X X X
Table 1. Examination of existing technologies compared to PAF prototype 
requirements.
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These current flooring systems do not fulfil the PAF prototype requirements and all 
fail the renewable resources criteria. Therefore an alternative has to be sought. The 
oleochemical binder technology, as suggested by A and F, was investigated and 
compared to the prototype requirements.
3.2.3.2 Results from A and F Investigation
A and F suggested the initial chemical process to be investigated. There were a 
number of experimental analyses carried out that showed this system had potential 
for further investigation and improvement. This system was liquid, transparent, 
practically odourless and made from a majority of renewable resources.
This technology is based on an ELO (figure 2) and cross-linker (figure 3) that will 
form a network as the system cures. Although there are potentially hundreds of 
resin systems, this system was chosen based on the experience of A and F with 
renewable polymers. The cross-linker was produced at the research institute and 
again chosen based upon their expertise with this system. The resulting polymer is 
shown in figure 4.
0 0 0
Figure 2. Simplified chemical structure o f ELO
O  A
2 - Q - °  h o ^ o  0  q V o h
100'C -  - O ^ Y ^ O
Figure 3. Cross-linker formed by heating dipropylene glycol in the presence of 
maleic anhydride
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Figure 4. Cross-linker and ELO react to form polymer
This chemical process was investigated by using different ratios of cross-linker to 
ELO. With a molar ratio of ELO: crosslinker of 1:3, theoretically all the epoxide 
groups of the ELO can react with all the acid groups of the cross-linker. With a 
molar ratio of 1:1, in theory, all the acid groups of the cross-linker can react with 
just two epoxide groups of an ELO molecule, resulting in a more flexible polymer. 
The 1:2 ratio was also chosen, as it would produce a mid-range polymer.
British Standard EN 29117 describes a drying test using plungers, for testing the 
curing of resins. However, since this equipment was not readily available, a Braive 
drying time recorder was used as a guide to assess curing time. This has been used 
extensively in the paint industry to assess drying time of alkyd paints (A and F, 
2005).
The mixture was applied on a rectangular shaped glass plate of dimensions 70 mm 
x 20 mm x 0.5 mm. A needle with a ballpoint was placed on this glass sample 
carrier and pulled through the mixture at a rate of 12 mm/hour. As the coating 
cures, the trace left in the coating by the ball identifies each stage of the cure. 
Initially the coating levels off under gravity. Once it begins to cure, a thin, dry film 
appears on the surface and so the ball leaves a trace. When the ball no longer leaves 
a trace the coating is fully cured (Elcometer, 2005).
Dynamic mechanical and thermal analysis (DMTA) involved using a Rheometrics 
RSA II solids analyser to acquire a value for glass transition temperature (Tg). A 
Zwick Z010 tensile tester was used to assess mechanical properties such as 
Young’s modulus, strain at failure and maximum tensile strength (A and F, 2005).
Figure 5 and table 2 show the results below.
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ELQ/diacid =1:1
ELQ/di acid = 1:2
ELO/diacid = 1:3
0 10 20 30 40 50 60
H ouis
□ Liquid a  T ear □ Soft Cure □  Cured
Figure 5. Variation o f curing time at room temperature, measured using a drying 
time recorder, in comparison to molar ratios o f ELO/Cross-tinker (A and F,
2005)
Molar Ratio 
ELO:Cross- 
linker
Curing
Temperature
(°C)
Curing
Time
Stress-
max
(N/mm2)
Strain at 
Fracture
( % )
Tg
(°C)
Young’s
Modulus
(MPa)
1:3 22 3 days 0.5 40.6 -4.4 2
1:2 22 3 days 0.4 32.3 -9 0.8
1:3 150 30
min
1.4 51.7 6.2 3
1:2 150 30
min
3.5 63.1 14.7 6
Table 2. Variation o f mechanical properties tested at room temperature with 
curing temperature and molar ratio (A and F, 2005)
The main draw back for this system as PA F is its curing tim e o f over 50 hours. As a 
first step to reducing this, catalysts typically used in the paint industry to aid drying 
tim e, were introduced at 1 wt% in order to assess if a reduction in curing tim e 
could be achieved. 1 wt% was chosen as it would give som e indication o f catalyst 
effect, w ithout saturation affecting the system  properties excessively. M anganese is 
know n as a surface dryer for alkyd paints (Hardy, 2004), whereas tin and zinc are 
used in the form  o f salts in order to increase electron transfer during reaction. It 
m ay be that the m anganese dries a thin coating quickly (as is shown by the drying 
tim e recorder), but does not work as effectively for thick coatings, which may be 
laid down as PAF (Hardy 2005). The results are shown in figure 6.
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1 % Zinc
1% Tin
1 % M anganese
0 10 20 30 40 50 60
Hours
□ Liquid H T ear □  Soft Cure □  Cured
Figure 6. Showing variation o f curing time with the introduction of catalysts to 
the 1:3 ELO:Cross-linker ratio mix
These initial experim ents showed that the curing tim e could be reduced by around 
20 hours as a first attempt. A lthough this is dram atic, this requires further 
investigation, in order to verify the effect o f differing the am ount o f catalyst. There 
may also be factors that affect the w ider environm ent that lim it their use
3.2.3.3 Discussion
The m echanical properties were tested three days after the reaction had begun to 
occur at room  tem perature as it was thought that the chem ical reactions would be 
com plete. It m ay be that the system continues to age and react, albeit very slowly. 
Therefore these tests should be repeated several times after reaction begins. It is 
recom m ended that they are repeated several days, weeks and m onths after the two 
com ponents are mixed, and after aging tests under increased tem perature and UV 
light. This w ill be expanded upon when the next stage o f the project is defined 
further.
The conclusion that can be reached is that these polym ers are rubber-like in their 
perform ance, w ith low Y oung’s M odulus and high strain at failure. This was 
advantageous at this stage in the developm ent o f PAF as the material can resist 
im pacts and properties may be further m odified at a later stage, typically through 
the use o f  inclusions and catalysts.
Several prototypes were made to feedback to the innovations group and show w hat 
current possibilities were for this substance, given that the drying tim e is still 
unacceptable. These are shown below in figures 7, 8 and 9.
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Figure 7. Sample o f PAF with natural inclusions
Figure 8. PAF with greater amount o f coloured inclusions
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Figure 9. Two samples o f PAF covering showing variation in height and 
coverage
An im portant next step for the PAF concept is to consider the effects o f different 
am ount o f catalysts on the reaction rate. There are also a num ber o f other more 
powerful catalysts to consider, such as sulphuric acid and sodium hydroxide. These 
are not considered environm entally friendly and are listed under the hazardous 
substances regulations (NEA, 2005). They may provide some indication as to how 
fast the reaction could occur at room tem perature and effect on m echanical 
properties. If it is found that the curing tim e cannot be improved, even with these 
powerful catalysts, it is unlikely that the other catalysts w ill be able to im prove it to 
the prototype properties required and some other system  m ust be found.
This initial investigation has shown that there are a num ber o f possibilities for the 
PAF concept. However, there are other resins based on renewable systems, cross­
linkers and catalysts that may be worthy o f investigation for use in PAF. Some o f 
these are described in the further work section that may be considered for use as an 
alternative concept.
3.2.4 Future Work For PAF
The initial investigation has shown that, based on the materials tested, there is no 
im m ediate solution that fits the PAF concept. It has been shown that w ith this w ork 
the prototype requirem ents cannot be easily reached. The future work for PAF 
would have to be broken down into a num ber o f further phases. Phase one and two, 
the initial research and testing exercise, has been com pleted.
The ELO system  has shown prom ise and a series o f w ell-thought-out experim ents 
will show if this system can fulfil the prototype requirem ents. The third stage o f the 
investigation w ould take a further 12 m onths o f project time (A and F, 2005), 
which w ould aim  to increase the am ount of renew able material, reduce curing tim e 
using renew able catalysts and develop concepts for application methods.
A SW OT analysis is sum m arised below.
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Strengths
Potentially sustainable 
Based on renewable resources 
Demonstrates innovative R and D 
True innovation 
Patentable
Huge customer reach
Weaknesses
Knowledge of material in-house 
requires development
Costly
No immediate gains visible
Opportunities
Reassert Interface’s position as number 
one in sustainability with biopolymers
Increases external partnerships
Leading the way for biopolymers to 
enter mainstream
Possible collaboration with US
Threats
Length of investigation high
Table 3. SWOT analysis of PAF
It can be seen that there is a great deal of work to complete in order to take PAF to 
stage 2. There are a number of other stages that would follow to get PAF to 
prototyping stage. It may be that some other work will take the ELO system 
towards the ultimate aim of PAF, whilst offering some intermediate goals. One of 
these concepts is shown in the next chapter.
3.3 Conclusion
PAF has the potential to be an innovative and sustainable system that offers a 
unique design system and brings the sustainability message to a wider audience. 
However, there may not be a solution to the strict requirements of the concept brief 
within the foreseeable future.
An intermediate prototype was described and it was shown that, with the material 
investigated, there was no solution yet to these requirements. Therefore a further 
intermediate goal was required that would bring PAF closer to realisation.
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The ELO system was chosen based upon the expertise of leading biopolymer 
researchers. This system can be transparent, the constituents are fluid at room 
temperature and the resulting resin exhibits properties that may be of use for a 
flooring system. This system will not yield an appropriate solution to the PAF 
concept within a suitable timescale.
There are other options available, using the ELO system, that may be placed within 
Interface to yield a more rapid result. It is obvious that it is worth using one of 
these projects as a tool that will allow investigation of the ELO system to continue.
The ‘Sustainable’ Interlock concept is described in the next chapter and is worthy 
of investigation as an alternative to the use of PVC. This would be a concept that 
can have wide-reaching implications for the use of renewable materials. It is 
therefore concluded that the alternative to PAF- the ‘Sustainable’ Interlock system 
is that which will have priority for future work.
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4. Future Work
4.1 Introduction
This chapter discusses the concept of ‘Sustainable’ Interlock and the criteria for 
choosing constituents to replace PVC within Interlock. These criteria are discussed 
and will be developed throughout the project.
Interface’s vision of a sustainable company and community was discussed in 
Chapter 1. An Interface product, Interlock, will be described in this chapter that is 
manufactured entirely from PVC. Clearly the use of PVC also does not fit with the 
corporate sustainability message whilst there are vocal concerns within the 
environmental community about its use (Greenpeace, 2002, FOE, 2005, PANNA, 
2005).
The previous chapter discussed the potential for the use of a system based on ELO. 
This system is considered here as an alternative to PVC within Interlock. This 
system will be investigated further and potentially modified to create a more 
sustainable product, whilst offering similar service in practice to the current 
Interlock product.
This chapter also discusses the experimental work that will be required in order to 
assess if the replacement material will fulfil the criteria for conditions of use.
4.2 ‘Sustainable’ Interlock
4.2.1 Introduction To Interlock
The specifications for Interlock are that it is a resilient flooring tile that it is 
manufactured from 100 % recycled post-industrial waste. It is available in four top 
surface finishes and 10 colourways and is available with an anti-static finish. It is a 
hardwearing, anti-slip, practical and durable flooring that is suitable for light to 
heavy use such as can be found in an industrial setting.
It is also flexible enough to be used for exhibition stands, retail and hospitality as 
installation can be fully bonded, tackified or laid loose (Futureproof/ed, 2005). 
Once it has completed its useful life, the Interlock can be itself recycled.
An example of an installed section of Interlock tiles is shown below.
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Figure 1. Interlock installation
This product w ill continue to play a significant part in  Interface’s profile. However, 
there are m anufacturing concerns that need to be addressed if this market is to grow 
to its potential. These are shown below.
4.2.2 Manufacturing Concerns
A sub-contractor m anufactures Interlock for Interface Europe. It is produced using 
an extrusion process, relying on a heating and cooling cycle for the PVC to form 
the shape required. This is achieved using a heated extruder and mould.
A lthough the specifications state that Interlock should be m anufactured from  post­
industrial waste, reducing environm ental impacts over the life cycle o f the product, 
there has been a lack o f  consistency with the quality and quantity of feedstock and 
virgin m aterial has to be used for a majority o f production.
There are a num ber o f  concerns regarding the m anufacture o f PVC that are still 
being addressed such as the use o f plasticisers, chlorine use, dioxin and furan 
production (Carrol Jr et al, 2000). The chemicals produced as by-products in the 
production o f PVC have been linked to increased likelihood o f certain cancers, 
including testicular (Ohlson, 2000).
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Interlock is a single polymer system that would lend itself readily to mechanical 
recycling into a similar product with a similar requirement for PVC grade. 
Mechanical recycling uses a number of further processes such as mechanical and 
thermal methods, requiring energy, which although intensive, will be preferable to 
incineration or landfill (EC, Green Paper, 2000). The presence of hazardous 
additives such as lead, cadmium and polychlorinated biphenyls (PCBs) within 
large-scale PVC waste streams results in recycling issues, as these contaminates 
must be diluted with virgin material.
Chemical recycling of PVC is environmentally less preferable and less attractive in 
economic terms. There are therefore a limited number of initiatives that have 
resulted in the construction of industrial plants, or may lead to the creation of such 
plants in the near future (EC, Green Paper, 2000).
In the year 2000 within the European Community (EC) around 100,000 tonnes of 
PVC were recycled compared to 2.9 million tonnes that was sent to landfill.
Incineration is a method of disposal that is worthy of note in this instance, with 
careful consideration for emissions. Approximately 600,000 tonnes of PVC are 
incinerated per year in the EC. PVC represents about 10 wt% of the plastic fraction 
incinerated, although it contributes between 38 and 66 % of the chlorine content in 
waste streams being incinerated (EC, Green Paper, 2000).
On incineration, PVC waste generates hydrochloric acid (HC1) in the flue gas that 
requires deactivation with a neutraliser such as lime. It is estimated that the 
incineration of PVC results in, on average, 1-1.4 kg of residues with this lime 
process per kg of PVC incinerated.
PVC is also currently the largest contributor of chlorine into incinerators, which 
contribute around 40 % of the dioxins into the EC. Dioxins have been linked to a 
number of health concerns. It has been suggested that reducing the chlorine content 
in incinerators will reduce the production of dioxins by a second or third order 
relationship (EC, Green Paper, 2000).
There have been attempts to make PVC biodegradable through the addition of 
ketones (Kaczmarek, 2003). Although these studies are promising, they result in a 
decrease in photochemical stability. It is not yet known how the products of 
photochemical degradation will affect the environment.
It is obvious that PVC has a number of environmental concerns associated with its 
manufacture. It would therefore be preferable to offer the same qualities that 
Interlock currently offers with some material alternative.
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4.2.3 Concept Description
Since PVC has a number of environmental concerns associated with its 
manufacture and disposal, producing Interlock with a different material could 
potentially offer great environmental benefits.
The ELO-based technology has been investigated as part of the PAF project and 
can provide a foundation for a renewable alternative to Interlock. This technology 
has exhibited the potential for modification and its properties are currently similar 
to rubber. There is the possibility of using this material as part of a composite 
system to increase wear resistance in service.
The PAF investigation has been focused on reducing curing time of the system at 
room temperature, although this can be reduced to 30 minutes at 150 °C. Since 
Interlock is currently extruded at elevated temperature and pressure, there may be 
reductions in energy requirements during manufacture.
This resin would replace PVC by offering a similar service in use at reduced 
environmental cost. ‘Sustainable’ Interlock is therefore described in the same 
manner as Interlock- hardwearing, anti-slip, practical and durable flooring. It is 
suitable for light to heavy use, such as can be found in an industrial setting. It is 
also flexible enough to be used for exhibition stands, retail and hospitality as 
installation can be installed with an adhesive or laid loose.
Interlock tiles lock together for ease of laying and can be lifted and re-laid. No 
adhesive is needed, this reducing the localised environmental impacts associated 
with adhesive use, such as airborne contaminants.
The floor can be scrubbed or mopped with ordinary household detergents. It can be 
swept and vacuumed without obvious disturbance to the tiles.
The visual impact of the tiles can be altered through the addition of dyes also from 
renewable resources. They can also be laid randomly to reduce waste in 
installation.
A SWOT analysis of ‘Sustainable’ Interlock is summarised below.
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Strengths
More sustainable that PVC
Can use established manufacturing 
techniques
Demonstrates innovative R and D 
Patentable
Similar investigations in the US
Can be continued within the UK
Relatively high customer reach
Reduction of transport costs as low 
density product sought
Weaknesses
Knowledge of material in-house 
requires development
Opportunities
Reassert Interface’s position as number 
one in sustainability with biopolymers
Raise Interface’s profile in Green 
Chemistry Network
Novel designs can be produced quickly
Threats
Length of investigation relatively high
Table 1. SWOT analysis o f replacing PVC in Interlock with renewable chemicals
4.2.4 Target Audience and Customer Benefits
The market for Interlock is growing within the residential sector and sales are 
currently around 60,000 m2 per annum. There are a number of strategic places that 
Interlock can be positioned to offer benefits to both user and purchaser. For 
example, the concept can be marketed to the hospitality and leisure sector by 
extolling the benefits that arise from easy cleaning with regular detergents. An 
advantage for the exhibition sector is that the product is easy to install, remove and 
re-install in the same manner as Interlock, but is better for the environment overall.
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Primarily this concept is hardwearing, practical flooring. However, the add-on 
benefit is that it is designed to be environmentally preferable to the original 
Interlock. This will be expanded in the next section. There will be sectors, such as 
certain residential areas, where the environmental credentials will be of primary 
importance and therefore will require greater promotion.
When marketing this product to the residential sector, there will be a greater 
number of persons per metre squared of flooring sold receiving Interface’s 
message, therefore promoting greater awareness across the board of sustainability. 
The concept will be extremely influential in raising customer awareness of 
Interface and the 2020 vision.
The concept must be fit-for-purpose, i.e. it must perform the function required of it. 
The material that makes up the ‘Sustainable’ Interlock is crucial and the manner in 
which material is chosen will be discussed in the next section.
4.3 Selection Criteria
4.3.1 Background
The constituents that form ‘Sustainable’ Interlock must be chosen carefully. There 
are a number of factors that must be considered before a material can be used such 
as health and safety in manufacture, its fitness-for-purpose, health and safety in 
use, environmental impacts throughout lifecycle and its general processability.
For example, it may be that a material can be made biodegradable through the 
inclusion of chemicals with overt health risks during manufacture: would this 
trade-off be appropriate? This section will describe how these concerns will be 
addressed throughout the progression of this project.
When considering if a material is fit-for-purpose, it can clearly be observed that the 
requirements for a floor include, but are not limited to- reduced environmental and 
economic impact per unit of flooring that provides the function required of it.
This leads to the question: what is the purpose of flooring? There are a number of 
ways that a flooring unit can be assessed depending on its use. Consumers make 
strong distinctions between categories of floor (O’Neill, 2003). Consumers see 
wood and ceramic as permanent flooring and vinyl, laminate and carpet as 
temporary floor coverings. They also see the buying process as either practical, e.g. 
laminate and vinyl, or emotional, e.g. hardwood and ceramic. It is clear that 
‘Sustainable’ Interlock will be a purchase to perform a practical task for most 
sectors and therefore this should be the primary consideration for the function that 
will be selected for a flooring unit.
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These functions would include providing stable dimensions, impact resistance, 
wear resistance, thermal insulation and electrical insulation. There are British 
Standards that describe the way in which resilient flooring may be tested and these 
can give some idea of the functions of a floor in use. Some of these tests will be 
described in section 4.4.2.
The secondary purposes of this type of flooring unit are to provide aesthetic 
qualities, texture and reduce environmental deficits (although it could be argued 
that this is a primary purpose for ‘Sustainable’ Interlock, this is already considered 
in the selection of ELO). The selection criteria for the material must be defined in 
order to reach conclusions about the suitability of particular constituents before 
further investigation. These are described here.
4.3.2 Development of Selection Criteria
There are two stages to the selection of material. There must first be a screening 
and ranking process to give a shortlist. Secondly detailed supporting information is 
sought about the shortlisted candidates, allowing a final choice to be defined 
(Ashby, 1999). The use of the system as a flooring unit has been defined, although 
not its dimensions or mass.
This first section must be divided into screening- deciding those that provide the 
essential attributes and then ranking through supporting information.
The requirements on the material can be divided into three categories: non- 
negotiable, those that should be optimised and those that are negotiable, but 
preferable. If a system fails those criteria that are non-negotiable, then it should be 
discounted. Those that pass this initial screening will be ranked using the 
optimisation criteria and then chosen based on their preferable criteria. This is 
further discussed in section 4.3.7.
The British Standards tests that simulate conditions in service require around one 
metre squared of material to carry out a number of tests. During the screening and 
ranking phase, there are a number of variants that should be considered before 
selecting the leading candidates- for example, cross-linker: ELO ratio, heating 
cycles, colourfastness and the use of filler. Therefore, in order to reduce the amount 
of material required for the experimental phase of selection, there should be an 
initial screening process that uses a smaller volume of material, based upon the 
expected conditions in service, described in section 4.3.6.
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Originally the system of ELO and cross-linker was defined as it forms the basis for 
‘Sustainable’ Interlock. This system is designed to provide reduced environmental 
impacts in comparison to PVC. There are a number of candidates that can offer 
this, but they must be suitable and practical for this application. The main 
constituents are discussed first.
4.3.3 Environmental Aspects
In section 4.2.2 the perceived environmental problems with PVC were discussed. It 
was concluded that replacing PVC with another material would be preferable for 
the environment.
In order to assess environmental performance a complete life cycle analysis should 
be performed from cradle to grave. However, at this early development stage, this 
would prove rather demanding. Therefore with this difficulty in mind, the possible 
environmental detriments of any system should be considered and weighed against 
the gains to the environment of not using PVC. This will not be quantified at the 
ranking stage, but will be considered during the course of this project.
There have been some studies into the environmental benefits of using an ELO- 
based substance in place of a petrochemical alternative in a coating (Diehlman, 
2000). This particular study concluded that replacing a petrochemical constituent 
with ELO was ecologically preferable. This was true in a number of categories 
such as energy consumption, carbon dioxide emissions, nitrogen oxide emissions 
and the use of primary energy sources. The study suggests that the use of 
renewable sources becomes more environmentally preferable, the more synthesis 
steps required to manufacture the petrochemical constituent.
Linoleum is also based on linseed oil, but results from the direct oxidation of the
oil. The flax is separated into the oil and linen. The oil is then placed in thin layers 
onto a fabric backing and exposed to the air to create a rubbery surface. It is then 
seasoned and left over a period of several weeks to ensure full cure (Encyclopaedia,
2005).
Epoxidised linseed oil is one part of the system that may be substituted. There are 
other systems that have been studied such as soybean oil, rapeseed oil, palm oil, 
canola oil and olive oil (Khot et al, 2000). The differing chemical structures of the 
oils tend to lead to differing mechanical properties. Linseed oil has a long-chained 
structure and was chosen based upon the expertise of A and F. Although other oils 
have not been completely discarded at this stage, they will be of secondary concern 
during this investigation.
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However, studies also indicate that the most unsaturated oils, such as soybean and 
linseed oil, are appropriate for creating a high cross-linking density and therefore a 
high stiffness (Boquillon, 2000). This high stiffness will be essential if the system 
is to be poured onto a floor and will be discussed further in section 4.3.
Linseed is abundant around the world; in 2003, 634,538 tonnes of linseed oil were 
produced globally from 2.5 million hectares of land devoted to linseed production 
(Ienica, 2005). ELO is also presently available commercially and used in 
applications in coatings and plasticisers (Miyagawa et al, 2004). Therefore this oil 
is ideal for a commercial high-volume floor product.
There have been described a number of cross-linkers that can work with ELO to 
create a polymer within a much shorter timescale than the days required for 
linoleum production (Boquillon, 2000). The product that results also has a much 
higher stiffness than the linoleum. Some of the cross-linkers that have been used 
are described in table 2.
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3 Name Formula Molecular weight 
(g/mol)
Phthalic anhydride (PA)
0 = C / = °
148
Cis-1,2,3,6- 
Tetrahydrophthalic 
anhydride (THPA)
AK
o = C  / = °
152
Methyl-tetrahydrophthalic 
anhydride (MTHPA) 0 = x  z 530
166
Methyl-hexahydrophthalic 
anhydride (MHHPA)
✓CK
' 0 a s  \  z * 0
168
Methyl-
endomethylenetera- 
hydrophthalic anhydride 
(METH)
yOv 178
Table 2. Cross-linkers that may be used to form a polymer with ELO (Boquillon, 
2000)
In this study, the THPA, METH, MHHPA and MTHPA were heated with the ELO 
at 110 °C for 15 minutes before a catalyst was added. PA was heated at 145 °C for 
15 minutes before the addition of a catalyst. The temperatures were chosen to be 
just above the melting point of these cross-linkers.
The purpose of the catalysts was to increase the curing that took place at 150 °C for 
15 hours, followed by 170 °C for 1 hour. This cycle is chosen as it allows stable 
properties to be obtained, without evidence of thermal degradation (Boquillon, 
2000). The catalysts used are organic bases that are typically used in organic 
synthesis (Hardy, 2005).
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Although this study describes a number of useful synthesis steps, cross-linkers and 
solvents must be chosen and investigated carefully, in order to utilise the most 
efficient and environmentally preferable system.
The cross-linker will form a principal part of the supply chain, since it will form 
the raw material input in conjunction with the ELO. Considering this, then it should 
not nullify the benefit of using ELO in preference to PVC with environmental 
hazards during manufacture.
There have been a number of cases described in the literature that shed concern on 
the use of these cross-linkers, which often use maleic anhydride for synthesis. For 
example, acute inhalation of maleic anhydride used in the production of many of 
these cross-linkers, results in irritation of the respiratory tract and eyes in humans 
(EPA, 2000). Chronic exposure has been linked to chronic bronchitis, asthma-like 
attacks, and upper respiratory tract and eye irritation. Kidney effects were 
observed in rats chronically exposed to maleic anhydride by placing the chemical 
in the stomach (EPA, 2000).
The acute effects in humans from exposure to phthalic anhydride consist of 
irritation to the eyes, respiratory tract, and skin, but with no permanent effects. 
Chronic effects include conjunctivitis, rhinitis, rhinoconjunctivitis, bronchitis, and 
irritation of the skin and mucous membranes of the respiratory tract. Animal 
studies indicate that chronic exposure to phthalic anhydride vapour causes 
congestion, irritation, and injury to lung cells (EPA, 2000).
It can therefore be concluded that the choice of constituents for ‘Sustainable’ 
Interlock must be carefully considered in order to create a more environmentally 
preferable product.
One of the benefits defined of ‘Sustainable’ Interlock is that it is environmentally 
superior to PVC. This is not something that can be quantified easily. Since 
conducting a life cycle analysis of every component to be used within ‘Sustainable’ 
Interlock is not practical during the first selection stage. Therefore a ranking system 
should be used for these components during the second stage of selection.
It has already been indicated that ELO has reduced environmental impacts in 
comparison to a petrochemical counterpart. In order to ensure that the materials can 
be ranked against each other and also prove environmentally preferable to PVC, 
strict criteria must be laid down to define the mass of renewable material that will 
be used within ‘Sustainable’ Interlock. The way in which this is defined is 
described in section 4.3.7.
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4.3.4 Health and Safety Requirements
The primary consideration for the use of any material is that it fulfils all health and 
safety requirements. The law sets down these requirements and those that do not 
fulfil these requirements must be discarded immediately. Therefore health and 
safety requirements are a non-negotiable requirement.
There are two types of health and safety requirements: those required during the 
manufacturing phase, including the materials and the health and safety of the 
‘Sustainable’ Interlock in use and disposal.
The health and safety during manufacture will include production of material test 
samples, prototypes, trials and large-scale production. Each constituent can be 
procured with an appropriate data sheet comprising chemical data and health and 
safety requirements. These requirements should be followed at every stage, if they 
cannot be followed, then the material must be discarded. If safety procedures are 
put in place such that the constituent may be used again, then it may be 
reconsidered. The safety procedures for the components used will be included in 
the 30-Month Report.
The health and safety during manufacture will also include the use of machinery 
and safe practices. These will be assessed at the time of prototype manufacture, 
although currently there are no restrictions that preclude the development of this 
system, since the manufacturing apparatus is not yet in place.
The health and safety of Interlock in use is included in the British Standards, 
described in section 4.4.2. The disposal considerations are given below.
4.3.5 Disposal Considerations
Disposal considerations are of low importance if the material is made from 
renewable materials, so long as the material remains inert during degradation. 
There will be a number of disposal routes available for each material which will 
have differing impacts over the lifecycle of ‘Sustainable’ Interlock. It would be 
desirable to have a biodegradable polymer, but it is not essential. Therefore 
disposal will be considered during the secondary ranking phase.
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4.3.6 Material Properties
The function of this type of flooring will depend on its use. If a chair resting on the 
floor is considered, then the function of the flooring will be to resist this static load. 
A material is required that will perform this function, whilst retaining shape after 
the load is withdrawn, which ensures materials can be assessed on this 
performance.
One option would be to assess all materials using all the flooring tests that are in 
place with the British Standards. Since this is not practical, due to the high number 
of choices at this stage and the large volume of material therefore required, an 
intermediate ranking system is required that can be derived from examining the 
conditions that occur in service and relating these to the properties required. There 
will be some commonality with the material properties requiring assessment and 
therefore the number of tests can be reduced dramatically.
Initially there are a number of factors during manufacture to consider that can alter 
the properties of this material. These include cross-linker amount, time at elevated 
temperature and the inclusion of fillers or fibres for strengthening as composites. If 
the properties that are required from the material can be maximised before 
manufacture of prototypes, then the total volume of material required can be 
reduced. There can also be confidence in the material in testing at prototype stage.
The material properties of PVC, such as Young’s Modulus, elongation to failure 
etc can be examined and the material simply altered to try to emulate these 
properties. However, the current Interlock product appears to be grossly over­
specified in terms of its thickness and performance in use. This will be investigated 
in the next 6 months work and the results included in the 30-Month Report.
The size and shape of the Interlock tiles is fixed by existing production moulds. As 
the dimensions of the material are fixed and lower mass is preferable, the thickness 
may be reduced in order to reduce transport costs, financial burden and increase 
ease of fitting.
The dimensions of the material are shown simplified in figure 2. The tile is square 
and of width, w, thickness, t, mass, m, density, p.
The mass of the tile is given by:
m = ptw2
The width of material is fixed, although p and t can be varied. The tile must be 
sufficient to carry the load, F, without failure.
202
The tile is placed freely on a rough surface and not bound to the floor; therefore the 
material is constrained at the edges only by other Interlock tiles. These tiles are in 
turn held in place by the edge of the room. This model is not ideal but designed to 
give some idea of how the tests can be simulated. Scenarios for other tests will be 
fully described in the 30-Month Report.
t
w
w
Figure 2. Example of plate being tested under static load 
For a plate:
Second moment, I = (wt3)/12 
There will be the onset of buckhng at: 
F =C (I /ym) x ( c f /w)
Therefore:
F = 4 x  w t x 2 x g f 
12 x t x w
where ym is the distance from the neutral axes 
of bending to the outside of the beam, i.e. t/2, 
C is a constant, in this case, 4 and Of is the 
fracture strength.
8t2o f
12
Rearranging for t, since it is variable: 
t2 = (6F)/(4of)
Inserting this into the equation for mass of plate, which requires minimising:
m = p (6F)1/2 (40f)'1/z w\ - l / 2  2
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Since w, F and 1 are all fixed, the mass that must be minimised is proportional to 
those remaining constraints. Therefore the material index, M, that must be 
maximised is:
M =
P
This can be continued for other flooring tests and achieve similar material indices. 
This will form the basis o f the material selection methodology shown in the next 
section.
The table below shows typical material indices that require maximisation for the 
case of the plate shown in figure 2, where, E = Young’s modulus, p = density, Of  = 
fracture stress, X = thermal conductivity, a  = linear expansion coefficient and C = 
cost per unit weight of material.
Scenario Material Index, M
Minimum weight of stiff plate E1/3/p
Minimum weight o f strong plate O f1'2/?
Minimisation of thermal distortion 7Ja
Minimum cost design o f a stiff plate E1/3/Cp
Minimum cost design of a strong plate 112,nn  O f  /Cp
Table 3. Typical predicted material indices i f  Interlock is simulated as a plate in 
flexure
These calculations can guide the initial selection of material that is described in the 
next section.
4.3.7 Methodology
The criteria are divided into three categories:
• Red: Non-negotiable- if  a material fails any of these criteria then it should 
be discarded.
•  Amber: Require optimisation- systems can be ranked on these criteria and 
they should be maximised.
•  Green: Negotiable, but preferable- these are criteria that it is preferred the 
system provide, but it will not preclude further development if they are 
absent.
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The criteria described are not defined in absolute terms. For example, the product 
may well be expected to cost more than the current PVC product. However, there is 
a limit to the premium that consumers will pay, or Interface will absorb. Therefore 
although cost should aimed to be minimised, there will be a level at which the 
product is economically unsustainable. This level is as yet unknown, but will 
feature in later calculations, at month 42 of this project, when the impacts of large- 
scale production are identified.
It is also recognised that the criteria described must be well defined. The other 
criteria listed here will also be investigated in order to calculate a threshold level, 
below which a system is unacceptable. These investigations will be documented as 
the project progresses.
The materials will also be tested according to the flooring tests, at a later stage.
This final process will result in a final ranking that will determine the materials to 
take to trial stage.
There will be more criteria that are added as the project develops, but the initial 
criteria are defined in table 4 below.
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Status Criteria
Non-negotiable Health and safety in manufacture
Health and safety in use
Percentage renewable material by mass
Require optimisation Static load resistance
Wear resistance
Light fastness
Dimensional stability
Thermal stability in a range of typical European 
climates
Chemical stability to household detergents
Unit of performance per unit mass
Unit of flooring performance per unit cost
Overall environmental performance
Cure time (minimise)
Cure temperature (minimise)
Colour spectrum
Negotiable but preferable Incorporation of designs
Incorporation of an anti-microbial system
Incorporation of natural dyes
Table 4. Selection criteria for materials to be used in ‘Sustainable’ Interlock
T h ese  se lec tio n  criteria can b e  used  to gu id e  m aterial te stin g  and then flo o r in g  
testing . T h e diagram  b e lo w  sh o w s h o w  th ese  criteria w ill b e  fed  in to  the 
a ssessm en t p ip elin e . T he candid ate  sy stem  has already b een  ch o se n , w h ich  w ill be  
based  on  E L O  (sec tio n  4 .3 .3 ) .
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Selection of a Candidate System
Non-negotiable *
M aterials T esting
R ank M aterials
Negotiable but preferable
Flooring T e sts
M -
"Materials re jected
"M aterials rejected
"M aterials re jected
Selected Material
Figure 3. Process for selection o f material with inputs at stage and gate process
T h e tim e taken for  ea ch  o f  th ese  sta g es can  b e  estim ated  and is sh o w n  in the G antt 
chart (se c tio n  4 .5 ).
T h e m ateria ls that p ass the in itia l screen in g  w ill be  used  in m aterial testing , 
d escr ib ed  in sec tio n  4 .4 .1 . T here are a num ber o f  variab les that m ay  b e  co n sid ered  
at th is prim ary stage and th ese  m ust be se lec ted  ca refu lly  in order to m aintain  a 
se n s ib le  testin g  reg im e.
T h e  prim ary in v estig a tio n  w ill  be to ch a n g e  the cross-lin ker: E L O  ratio and a sse ss  
h o w  m aterial properties can ch a n g e  through a range o f  ratios. O n ce  severa l k e y  
sa m p les  ha v e  been  id en tified , th ey  w ill be  put through tem perature c y c le s  from  3 0 -  
180 °C  a ga in st tim e and the ch a n g es a sse sse d  again . T h is w ill aid the id en tifica tio n  
o f  k e y  sa m p les  that can  then b e  u sed  for  co lo u rfa stn ess tests, for  ex a m p le .
In itia lly  it is  prudent to ex a m in e  a w id e-ran ge  o f  m ateria ls in order to obtain  a g o o d  
k n o w led g e  o f  the range o f  properties that m ay b e  ex p ected . T h is m ust b e  fed  back  
in to  the se lec tio n  p ro cess, so  that the p ro cess b eg in s to lo o k  m ore lik e figure 4  
(sh o w n  b e lo w ).
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Selection  of a C andidate System
Feedback Loop
Non-negotiable
M aterials Testing
I
Rank Materials
Negotiable but preferable H
-*■  Materials rejected
"Materials rejected
Feedback Loop
"Materials rejected
Flooring T ests
I
Selected Material
Figure 4. Process for selection o f material with feedback loops
T h e m aterials te sts that take p la ce  after in itia l screen in g  w ill  be  b ased  on  the 
m ateria l in d ices d er ived  from  ex a m in a tio n  o f  the requirem en ts in serv ice , b a sed  on  
the ex a m p le  sh o w n  in sec tio n  4 .3 .6 . It is  an tic ip ated  that th ese  m aterial tests w ill  
en a b le  ranking that w ill  resu lt in rejectio n  o f  a num ber o f  m ateria ls after each  
c y c le .
4.4 Experimental Work
4.4.1 Material Tests
T h e m aterial tests are im portant to e sta b lish  the m aterial properties that g iv e  r ise  to 
the m aterial in d ices and u ltim a te ly  lead  to p erform ance in serv ice . T h e m aterial 
in d ic e s  w ill be u sed  as a g u id e  to the perform an ce  that w o u ld  be ex p e cte d  and the  
data u sed  to e lim in a te  m aterial at an early  stage  o f  the p ro cess.
T here are a num ber o f  w a y s in  w h ich  to determ in e  m aterial properties. A s  an 
e x a m p le , the m o st co m m o n  for d eterm in in g  E, c (fo r  fa ilu re and y ie ld in g ) is  a 
te n sile  test u sin g  a ten sile  tester su ch  as a T esto m etr ic  M icro  3 5 0 . T h is in v o lv e s  
tak in g  a sam p le  o f  kn ow n  d im en sio n s  and a p p ly in g  a fo rce , or  con tin u o u s  
m o v em en t until the sam p le fa ils . T he resu ltin g  graph o f  fo rce  versu s d ista n ce  
m o v e d  can  be con verted  in to  a n o m in a l stress-strain  graph since:
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Stress, o  = F/A where F is the force applied and A is the nominal cross-sectional 
area.
And strain, e = 81/1 where 1 is the distance moved.
From the graph c y (yield stress) and Of can then be determined.
Limit of
j i lineara
elasticity
P lastic range
G radient = E
S
Figure 5. Schematic stress-strain curve
This is just one example of tests that are available to determine material properties. 
Those that are used for subsequent testing will be described fully within the 30- 
Month Report.
These tests are designed to give an indication o f material properties and hence aid 
the ranking system and add information to facilitate rejection. Once there are a 
number of lead candidates identified in this screening phase, they will be subject to 
the negotiable requirements and subsequent testing commonly used for resilient 
flooring.
It is expected that with each variable, such as time at temperature for cure, 
inclusion of filler and colourfastness assessed, the results o f these material tests 
will be documented in the 42-Month Report.
4.4.2 Flooring Tests
The lead candidates from the material tests will be manufactured using Interlock 
moulds. These will then be tested using the typical flooring tests. It is expected that 
this will take place at 38 to 42 months on the project schedule.
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Flooring tests are designed to replicate that which occurs in service. These tests 
focus on abrasion resistance, dynamic loading, static loading, flammability and 
appearance retention.
There are a number British Standards that govern the testing of resilient flooring in 
the same manner as carpets are tested. These British Standards will be used in the 
second phase to test if  ‘Sustainable’ Interlock is fit-for-purpose. Those that are of 
primary importance are dry slip resistance (BS EN 13893), wet slip resistance (DIN 
51130), fire rating (BS EN 13501-1), colour stability (BS EN 20105), dimensional 
stability (BS EN 434), residual indentation (BS EN 433), chemical resistance (BS 
EN 20105 B02), abrasion resistance (BS EN 660.1) and specification (BS EN 
650:1997).
These tests will establish those materials that will be able to withstand conditions in 
service and therefore establish lead candidates for ‘Sustainable’ Interlock. These 
lead candidates will then be manufactured in trial production.
4.5 Gantt Chart
It is predicted that this project will be completed within the time scale shown on the 
Gantt chart (figure 6).
The ELO has been obtained and the cross-linker is currently being manufactured 
on a lab-scale. The next step is to obtain moulds to cure the system in, for the 
material tests.
The variables in manufacture to be considered at this stage are the ratio of cross­
linker: ELO, the time for curing, the temperature for curing, type of dye and 
renewable fillers to be used. These will all affect the ‘amber criteria’ described in 
section 4.3.7. In each case, lead candidates will be taken from each test result and 
put forward for further evaluation and modification.
Selecting renewable fillers will also require an evaluation o f Interface’s waste 
stream to assess if there are other materials that may be used by this system. This 
will take place mid-2006.
Once the material tests (including tests for chemical resistance and thermal 
stability) have been completed, lead candidates will be identified and assessed 
using conventional flooring assessment.
This will ultimately yield a flooring system that fits with the defined criteria. There 
will be a prototype of a novel, resilient flooring product based on renewable 
material and manufactured in an environmentally preferable way.
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4.6 Summary
This report has shown that successful steps are being made towards sustainability 
using traditional methods o f resource reduction, waste reduction, renewable energy 
use and redesign.
The attempts to introduce renewable and recycled feedstock have been described, 
which are further steps towards sustainability. However, it has also been shown 
that radical redesign of the product and process is required in order to truly achieve 
a sustainable company.
One of these projects has been described as PAF, which, although promising, is not 
a long-term solution. Therefore, an intermediate product is preferred.
‘Sustainable’ Interlock fits with Interface’s core competencies and will replace an 
environmentally inferior product.
The outcome of this project will be a novel, resilient flooring product based on 
renewable material and manufactured in an environmentally preferable way.
212
References
■ Accident Compensation Information Service; w w w .a c c id en t-co m p en sa tio n -  
in fo rm a tio n .co .u k /h tm l/p rem ises.h tm l; Accessed 15th March 2005
■ Agrotechnology and Food Innovations; Pour-A-Flor; Final Report of Phase 
1: Concept feasibility; Confidential Report; March 2005
■ Anderson, Ray; 10th Anniversary message to Interface Associates; 31st 
August 2004
■ Anderson, Ray; Mid-Course Correction- Towards Sustainable Enterprise; 
The Interface Model; Atlanta; The Peregrinzilla Press; 1998
■ Ashby, Michael; Materials Selection in Mechanical Design; Second 
Edition; Butterworth Heinemann; 1999
■ BBC News Online; Euro Parliament to Debate GM Issues; 12th April 2000; 
http://news.bbc.co.Uk/l/low/world/europe/710272.stm; accessed 11th 
March 2005
■ Benyus, Janine; Biomimicry: Innovation Inspired by Nature; Quill William 
Morrow; Copyright 1997
■ Biopolymer.net; h ttp ://w w w .b io p o lv m er .n et/: accessed 15th January 2005
■ Boquillon, N. and Fringant, C; Polymer networks derived from curing o f 
epoxidised linseed oil: influence of different catalysts and anhydride 
hardeners; Polymer 41 (2000) 8603-8613; 25th March 2000
■ Carpet and Rug Institute; Sustainability Report; CRI Publications (1-800- 
882-8846x2114); 2001
■ Carpet and Rug Institute; The Carpet Primer; CRI Publications (1-800-882- 
8846x2114); 2003
■ Carrol Jnr, W.F. et al; Characterisation of Emissions of Dioxins and Furans 
from Ethylene Dichloride, Vinyl Chloride Monomer and Polyvinyl 
Chloride Facilities in the US. Consolidated Report; Chemosphere; Vol. 43; 
2001; Pages 689-700
■ Carter, Dianne; Introducing Recycled Feedstock: Material Flow Problems 
in the Manufacture o f Carpet Tile Backing; Conference for the Engineering 
Doctorate in Environmental Technology; 2005
■ Carter, Dianne; Towards Sustainable Design and Manufacture of Textile 
Flooring Products; 6-Month Report; 1st April 2004
■ Carter, Dianne; Towards Sustainable Design and Manufacture of Textile 
Flooring Products; 12-Month Report; 1st October 2004
■ Carter, Dianne; Towards Sustainable Design and Manufacture of Textile 
Flooring Products; 18-Month Report; 1st April 2005
■ CIGB; h ttp ://w w w .ic o ld -c ig b .n e t/fo o d .h tm ; accessed 10th February 2005
■ Collins and Aikman; US Patent No. 5,728,741; 5,855,981; 5,914,343 and 
others pending; 2003
213
■ Color Your Carpet, Inc; 2001; w w w .c o lo rv o u rc a rp et.co m ; Accessed 
November 2003
* Colton, John; Interview at Interface, Shelf Mills, private communication; 5th 
August 2004
■ Commission of the European Communities; Green Paper; Environmental 
Issues of PVC; Brussels; 26* July 2000; COM 2000; 469 Final
■ Curan, Rob; Green Building Takes Root in Commercial Sector; Austin 
Business Journal; 16* June 2003
■ Department for Trade and Industry; Manufacturing Advisory Site; 28th 
November 2003; w w w .m a s .d ti.g o v .u k /p lu to -r e so u r ce s /2 1 8 5 .p d f: Accessed 
5th March 2004
■ Diehlman, Dietrich; Okologische Bilanzierung ausgewahlter Lackrohstoffe: 
Vergleich von Bindemitteln auf nativer und petrochemischer Basis; Institut 
fur Technische Chemie und Umweltchemie der Friedrich-Schiller- 
Universitat Jena; 2000
■ Eagles, D., Lesnoy, D. and Barlow, S; Des tissues humains recrees a la 
demande; TUT; ler Semestre; no 23; 1997; pp. 41-42
■ Encyclopaedia; h ttp ://w w w .e n c v c lo p e d ia .c o m /h tm l/ll/ l in o le u m .a sp ; 
Accessed 14* September 2005
■ Environment Council; Jargon Buster; 
h ttp ://w w w .w a steo n lin e .o rg .u k /reso u rces /W a steg u id e /m n  iargon .h tm l; 
Accessed 30* August 2005
■ Environmental Protection Agency; Air Toxics Website; 
h ttp ://w w w .ep a .g o v /ttn /a tw /h lth e f/m a le ica n .h tm l; Created April 1 9 9 2 , 
revised January 2 0 0 0 ;  Accessed 1 7 *  August 2 0 0 4
■ ERRME report; Current situation and Future Prospects o f EU industry 
using renewable raw materials; Awareness Report; 2002
■ Friends of The Earth; Campaigns: Safer Chemicals; 
h ttp ://w w w .fo e .co .u k /ca m p a ig n s /sa fer  c h e m ic a ls /is su e s /c u ttin g  the r isk /; 
Accessed 5* September 2005
■ Futureproof/ed; Interface Interlock; 
h ttp ://w w w .fu tu rep ro o fed .co m /p ro d u cts /in ter fa ce  in ter lo ck .h tm l; Accessed 
9* August 2005
■ Geosites; w w w .g e o c itie s .c o m /R a in F o re st/3 2 6 0 /a ltf ib e r .h tm l: Accessed 2nd 
December 2003
■ Green Resources Centre; “Greener” Carpets; 
h ttp ://w w w .green resou rcecen ter .org /M ateria lsS h eets /G reen erC arp et.p h p ; 
Accessed 22nd August 2005
■ Greenpeace; Exposing the Dirty Path of PVC; Greenpeace News; 6* 
September 2002
■ Hardy, Jeff; Interview at The University o f York; private communication; 
17* February 2005
214
■ Hesterberg, Thomas and Hart, Georgina; Synthetic Vitreous Fibres: A  
Review of Toxicological Research and Its Impact on Classification; Critical 
Reviews in Toxicology; Volume 31, Issuel; Pages 1-53; 2001
■ Highways Maintenance; 
h ttp ://w w w .h ig h w a v sm a in ten a n ce .co m /ru b tex t.h tm : Copyright 2000; 
Accessed 18th July 2005
■ Huntington, Sharon; A Not-so-Boring History of Flooring; The Home 
Forum; 18th May 2005
■ IR  and P; NPD by Customer Segmentation; Overall Presentation 
Document; Prepared for Interface Europe; May 2004
■ Ienica; http://www.ienica.net/reports/annex_b-pdf; Accessed 15th September 
2005
■ Institute of Science in Society; h ttp ://w w w .i-s is .o rg .u k /d o n a tio n 2 .p h p ; 
accessed 11th March 2005
■ IN T E G E R ; w w w .in terg erp ro iec t.co .u k /n ew s.h tm l: Accessed 2 2 nd March 
2 0 0 5
■ Interface LCA; LCA Report on Glasbac Palette 2000 (P2000); Internal 
communication; 24th January 2002
■ Interface Sustainability; w w w .in ter fa ce su sta in a b ilitv .co m : Accessed 15th 
July 2005
■ Interface Website; w w w .in ter fa ce in c .c o m ; Accessed 2 nd February 2 0 0 4
■ Interface, 2003, PLA announcement; 
h ttp ://w w w .in ter fa ee flo o r in g .eo m /w h a t/V ertical C irc les .h tm l: accessed 
11th February 2005
■ Interface, 2003, PLA announcement; 
h ttp ://w w w .in ter fa ce flo o r in g .eo m /w h a t/V ertical C irc les .h tm l: accessed 
11th February 2005
■ Interface; Backing Systems; High Performance Backing Solutions;
Interface Europe Limited (+44 (0) 8705 304030); 2003
■ Interface; Cool Carpets; Interface Europe Limited (+44 (0) 8705 304030); 
2005
■ Interface; Why Modular?; Interface Europe Limited (+44 (0)8705 304030); 
2003
■ Japan Cornstarch; h ttp ://w w w .ia p a n -co m sta rch .eo m /h  1 3 .h tm l: accessed 
20th January 2005
■ Kaczmarek, Halina, Swiatek, Malgorzata and Kaminska, Alina; 
Modification of Polystyrene and Poly(vinyl chloride) for the Purpose of 
Obtaining Packaging Materials Degradable in the Natural Environment; 
Polymer Degradation and Stability; Vol. 83; 2004; Pages 35- 45
■ Khot, Shrikant, Lascala, John, Can, Erde, Morye, Shantaram, Williams, 
George, Palmese, Giuseppe, Kusefoglu, Selim, Wool, Richard;
Development and Application of Triglyceride-Based Polymers and
215
Composites; Journal of Applied Polymer Science; Volume 82; Pages 703- 
723;2001
■ Krivtsov, V., Wager, P.A., Dacombe, P., Gilgen, P.W., Heaven, S., Hilty, 
M. and Banks, C.J; Analysis o f energy footprints associated with recycling 
of glass and plastic-case studies for industrial ecology; Ecological 
Modelling, Volume 174, Issues 1-2,1 May 2004, Pages 175-189
■ Miyagawa, Hiroaki, Mohanty, Amar, Misra, Manjusri, Drzal, Lawrence; 
Thermo-physical and Impact Properties of Epoxy Containing Linseed Oil,
1; Macromolecular Materials and Engineering; Pages 629- 635; 289; 2004
■ Murphy, Richard and Bartle, Ian; Biodegradable Polymers and 
Sustainability; Insights from Life Cycle Assessment; Summary Report; 
National Non-Food Crop Centre; w w w .n n fc .c o .u k ; Accessed 2 9 th March 
2 0 0 5
■ Murphy, Richard; Insights from Life Cycle Assessment; Sustainable 
Plastics: Biodegradability versus Recycling; Royal Society of Chemistry; 8- 
9th March 2005
■ National Environment Agency; Environmental Pollution Control 
(Hazardous Substances) Regulations;
h ttp ://a p p .n ea .g o v .sg /cm s/h td o cs /a r tic le .a sp ? p id = 1 6 6 4 ; Accessed 2 0 th 
March 2 0 0 5
■ Novamont; h ttp ://w w w .n o v a m o n t.co m ; accessed 20th January 2005
■ Nunney, Mike; Interview at BTTG, private communication; 4th August 
2004
■ O’Neill, Frank; Distribution Evolution- Have We Been Doing it Wrong All 
These Years? ; Floor Focus; January/February 2003Agrotechnology and 
Food Innovations; h ttp ://w w w .a g ro tech n o lo g y a n d fo o d .w u r .n l/n l; accessed 
31st January 2005
■ O’Neill, Frank; Distribution Evolution- Have We Been Doing it Wrong All 
These Years? ; Floor Focus; January/February 2003Agrotechnology and 
Food Innovations; h ttp ://w w w .a g ro tech n o lo g y a n d fo o d .w u r .n l/n l; accessed 
31st January 2005
■ Ohlson, Carl-Goran and Hardell, Lennart; Testicular Cancer and 
Occupational Exposures with a Focus on Xenoestrogens in Polyvinyl 
Chloride Plastics; Chemosphere; Vol. 40; 2000; Pages 1277-1282
■ Patel, Martin, Bastioli, Catia, Marini, Luigi and Wurdinger, Eduard; 
Environmental Assessment of Bio-based Polymers and Natural Fibres; 
Biopolymers; Vol. 10, Wiley-VCH, 2003, pp.409-452
■ Pesticide Action Network North America; Pesticide Action Update; 
h ttp ://w w w .p an n a .org /resou rces/p an u p s/p an u p  2 0 0 5 0 3 2 4 .d v .h tm l;
Accessed 12th September 2005
■ Plastics Resource; Commercial Recycling; June 1999
216
■ PURAC Biochem N V ; Purasorb Monomers and Biodegradable Polymers 
Brochure; Netherlands; 2004
■ Subramanian, P.M., Plastics Recycling and Waste Management in the US; 
Resources, Conservation and Recyling 28; Elsevier; 2000
■ UK Environment; http://www.ukenvironment.com/geneticallvmodif.html: 
accessed 11th March 2005
■ Van de Velde, K. and Kiekens, P; Biopolymers: overview of several 
properties and consequences on their applications; Polymer Testing 21 
(2002); pp. 433-442
■ Vinyl Info; Vinyl- The Material; www.vinvlinfo.org: Accessed 10th 
February 2005
■ Wallace, Lance A., Pellizzari, Edo, Leaderer, Brian, Zelon, Harvey and 
Sheldon, Linda; Emissions of volatile organic compounds from building 
materials and consumer products; Atmospheric Environment (1967), 
Volume 21, Issue 2,1987, Pages 385-393
■ Watco; www.watco.co.uk; Accessed 30th August 2005
217
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
s____
University of Surrey 
Guildford
Centre for
Environmental
Strategy
Dianne Carter
30-Month Report 
01.10.05 - 01.04.06
“Towards Sustainable Design and Manufacture of 
Textile Flooring Products”
A bstract
The EngD project is looking at more sustainable flooring solutions in the context of 
Interface’s goal to be a sustainable company by 2020.
Success has been in introducing renewable content into the current textile-flooring 
product. In a previous report (Carter, 2004) the introduction of recycled filler into 
the tile backing has shown that the Graphlex backing system can incorporate 
recycled material up to 67 wt%.
An innovation project Pour-A-Flor (PAF) was described and an initial investigation 
was conducted into the possibility of using a bio-resin within this concept. The 
preliminary investigation focused on measuring and then reducing the curing time 
of the resin.
The 2-year Dissertation described the potential for this resin to replace poly-vinyl 
chloride (PVC) within Interlock- a resilient tile system. PVC is unsustainable and a 
replacement o f lesser environmental impact is required urgently. There is a drive 
towards focusing on the function that the material provides and providing this same 
function with a different product. In addition to PAF the bio-resin may be used in 
other applications. The possibility of using it as a backing system is also considered 
in this report.
This report describes the process of manufacturing the Glasbac tile backing system 
(this shows that the application process on-site is relatively straightforward). The 
current system incorporates PVC, plastisol and filler, all o f which are to be 
considered for substitution as they are sourced from virgin non-renewable 
materials. The work described here examines the first of these, i.e. replacing the 
PVC with the bio-resin.
As part of the investigation, the process of linoleum manufacture is also 
considered. Since this product derives from linseed oil and is manufactured in sheet 
form, it is worthy of comparison.
The experimental methods used in assessing the material properties of the bio-resin 
are described in this report. These are used as part of the preliminary investigation 
only and are not yet indicative o f performance in service (there are variations in 
characteristics observed due to manufacturing differences).
The further work section describes in detail the work to be undertaken in the next 
twelve months, including the flooring tests. There is also a Gantt chart showing up 
to the 60-month reporting period.
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G lossary
ELO: Epoxidised linseed oil
Bio-resin: A resin that is based on renewable resources
PVC: Poly-vinyl chloride- a versatile thermoplastic used in a number of
applications
Top-cloth: Yam typically tufted through a cloth, however, it can be produced
through fusion bonding or other methods. This is the surface of a carpet that will be 
exposed.
Pre-coat: A coating typically made from latex that is used to secure the tufts in
the top-cloth. It is applied before the backing system.
Cross-linker: A chemical that has the ability to provide cross-linking o f another
through the use of atomic bonding.
Glasbac: A patented backing system manufactured by Interface, made from
thermoplastic resins and fibreglass.
Graphlex: A patented backing system manufactured by Interface, made from
bitumen, polymers and fibreglass.
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1 Introduction
1.1 Summary of Work Described in the 24-Month Report
The 24-Month report summarised the work achieved thus far with this EngD 
project. The background to the carpet-making industry was described as a prelude 
to understanding the manufacturing processes and the steps that have been taken 
towards sustainability at Interface.
The global progress o f Interface Inc. in moving towards their vision of 
sustainability was described. This showed that although progress has been made 
within company restraints, significant innovation is required in order to become a 
sustainable company.
One area, towards which this project has made a contribution, is the introduction of  
recycled filler into the backing system, ultimately increasing recycled content by 
weight to over 70 %. In order to achieve this successfully, some degree of 
refinement o f the manufacturing cycle was required and developed. Details are 
given in the 12-month report.
Innovation concepts are being examined by Interface in order to alter the focus of 
the company away from carpet tile and towards flooring solutions. This builds 
upon the introduction of the Evergreen Lease concept (see 6-month report for 
details). One such innovation is the concept o f Pour-A-Flor (PAF) that has been 
described in detail in the 24-Month report.
The PAF concept introduced a bio-resin to Interface. This bio-resin is based on 
epoxidised linseed oil (ELO), a resource manufactured from agricultural crops and 
therefore renewable and potentially sustainable. The bio-resin could potentially be 
used in a number of applications such as a backing system, lamination of samples, 
replacement material, however, its properties (Young’s Modulus, stress at failure 
and strain at failure), material processing and chemistry need to be understood. 
Chapter 5 of this report describes the process of assessing these properties.
1.2 Project Direction in the Current Reporting Period
The bio-resin was first described in the 18-month report. A major component o f the 
resin is epoxidised linseed oil. It is cross-linked with a di-acid in order to cure. 
Although this can occur at room temperature, the time to cure is greatly reduced by 
elevated temperature (Carter, 2005).
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Linseed oil is also used in such applications as lacquers and the manufacture of  
linoleum. This report describes the manufacturing process for linoleum and 
compares the curing process of the two products, the bio-resin and linoleum. There 
are other factors that may be considered such as material properties, use in service, 
costs etc. However, this report focuses on the curing process as it shows that the 
bio-resin technology is novel and distinct. The curing time exhibited for linoleum is 
simply not feasible for a concept such as PAF.
The manufacture of a PVC-backed carpet tile is also described in order to 
understand how the two processes differ, especially within manufacturing time 
constraints. This manufacturing process is also described in order to evaluate if the 
bio-resin may be used within the current process ideally with few modifications.
The experimental techniques used to assess the Young’s Modulus, nominal strain 
to failure and nominal peak stress of the bio-resin are also described in Chapter 5. 
The project plan for future experiments is also shown in detail for the next six 
months in Chapter 6 as well as a plan through to the end of this project.
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2 Linoleum
2.1 Introduction
As previously mentioned, linoleum is a flooring product that is manufactured from 
linseed oil and other constituents. The bio-resin that is the focus of this project is 
also based on linseed oil- although it is epoxidised. A full description of the curing 
process can be found in the 24-Month report.
It is important that the history and manufacturing process o f linoleum is understood 
as it may offer insights into the manufacture of the bio-resin.
Linoleum has been manufactured for nearly 150 years (Simpson, 1997) and over 
this time production processes have been optimised. The basic process, however, 
remains the same. This chapter describes the way in which linoleum was developed 
as a product and how the manufacturing process has been refined during the last 
century and a half.
2.2 History
In 1860 Frederick Walton, a rubber manufacturer in England, during his daily work 
noticed that linseed oil formed a leathery skin on top of paint. He realised that he 
could put this characteristic o f the oil to good use as a rubber substitute when 
reduced, mixed with filler and pigments and dried on a canvas backing. That year 
he patented what he termed ‘linoxyn’, derived from the name o f the main 
constituent and the method of manufacture (Simpson, 1997).
He later improved this invention and in 1863 applied for an extended patent on 
what he called ‘linoleum’, manufactured from the mixing of linseed oil, powdered 
wood or cork, resins, pigments, ground limestone and drying agents. Frederick 
derived the term linoleum from the Latin words for the flax plant and oil: linum 
and oleum respectively (Sarin, 2004).
It soon became a popular term by virtue of the various imitators producing similar 
products and Frederick did not have exclusive rights for its use. He had not 
patented the name and had instead described this new invention as an 
‘improvement to the manufacture o f Wax cloth for floors’. Therefore in 1877 as 
soon as the patent ran out, the name linoleum was deemed generic, thus enabling 
floorcloth manufacturers to begin producing their own versions.
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The floorcloth or oil-cloth industry was widespread in Scotland and Lancashire 
during the mid nineteenth century. It had begun in the early eighteenth century as a 
large-scale industry and the process had changed little since. Canvas was tightly 
stretched across wooden frames in large rooms and workers would use wooden 
platforms to support themselves as they applied the constituents with trowels and 
large brushes. They would paint the cloth with size, a thin liquid designed to seal 
the canvas, much like a primer, followed by the addition of treacly paint. Pumice 
stones were used to create the smooth finish desired. The floorcloths would then be 
moved to a printing room for the application of patterns before a final varnish to 
seal the design (Manson, 2003).
The advantage of the new linoleum was that it was thicker, more resilient and 
waterproof. The industry began to expand rapidly as the demand for such a floor 
covering increased and floorcloth manufacturers began to imitate the 
manufacturing techniques and constituents. It had taken less than three years 
between the patenting of linoleum and the report of steady sales from the Linoleum 
Manufacturing Company and three years later it was exporting to the United States 
and Canada.
The next improvement in linoleum manufacture came after Frederick Walton had 
moved the technology to the United States in 1872, helping to set up the American 
Linoleum Company. In 1882 he was granted the first in a series o f patents 
describing inlaid linoleum, which ensured that patterns ran all the way through the 
surface of the linoleum (Simpson, 1997).
When the inlaid linoleum was first manufactured, it was in the same form as 
mosaic tiles, where the patterns would be cut out of pieces of linoleum, fitted 
together to form a pattern and then through the application of heat and pressure the 
design was set on the canvas backing. By 1892 he had managed to combine these 
processes so that they could be undertaken by one machine.
Between 1874 and 1913 the volume of linoleum exported from the UK increased 
tenfold, despite the overall reduction in exports o f 29 % (Sarin, 2004). The 
production of linoleum continued to diversify with more economical products 
becoming available and the use of material from international sources- linseed oil 
from America, cork from Portugal and Spain, jute from India and Pakistan and 
limestone from the UK.
For nearly a century between the 1870s and 1960s linoleum was the most 
widespread manufactured floor covering in existence (Sarin, 2004), until it was 
usurped by the vinyl industry. The process of manufacturing true linoleum is time- 
consuming and has changed little in process since Frederick Walton’s last patent 
application.
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T h erefore  w e  can  co n c lu d e  that a lth ou gh  the industry is  fu lly  m ature, the drying  
tim e  a c h iev ed  is u n accep tab le  fo r  u se  in P A F .
2.3 Manufacturing Process
L in see d  o il  is  d er ived  from  the f la x  p lant. It is  an ann ually  se lf-p o llin a tin g  p lant 
that takes around 100  days to m ature to  b e tw een  4 0  and 91 cm  in siz e  (F lax  
c o u n c il, 2 0 0 5 ) . T he raw o il  is  extracted  from  the seed s  v ia  hydrau lic pressure and is  
pale  in  co lo u r  (E n c y c lo p ed ia .co m , 2 0 0 5 ) .
L in seed  o il  w a s o x id ise d  o r ig in a lly  through the p ro cess o f  b o ilin g  in a lead  vat to 
form  a th ick  su bstance ca lled  lin o le u m  c em e n t (F lax  c o u n c il 2 0 0 5 ). H o w ev er , 
o x id ise d  lin se ed  o il is  n o w  p rodu ced  from  the add ition  o f  ch em ica l accelerators to  
heated  raw lin se ed  o i l  to d ecrea se  d ry in g  tim e.
O x id ation  is  the p ro cess  o f  a m o lec u le  lo s in g  e lec tro n s or the gain  o f  o x y g e n . In 
lin se ed  o il  th is resu lts in a re la tiv e ly  stab le  co m p o u n d  w ith  a lo w er  latent energy . 
E p o x id isa tio n , lik e  that u sed  for the b io -res in  form s a c y c lic  ether w ith  o n ly  three  
r in g  a tom s at an angle  o f  6 0  °, w h ic h  are h ig h ly  strained (figure 1). T he e p o x id e  is 
therefore h ig h ly  rea ctiv e  in com p a riso n  to the o x id e .
Figure 1. Simplified structure o f some oxides (left) and epoxide (right)
T h e lin o leu m  cem en t is  then m ix ed  w ith  p in e  resin , rosin , cork , w o o d flo u r , cha lk , 
c la y  and p ig m en ts to  form  sh eets  on  a ju te  or hardened can v a s backing. T he figure  
b e lo w  sh o w s the in gred ien ts used  in lin o leu m .
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Figure 2. Components used in linoleum manufacture (Sanz, 2006)
T h is  is  then heated  to 7 0  - 9 0 °C  in sea so n in g  room s, w h ich  a cce lera tes the 
o x id a tio n  and co n seq u en tly  tou gh en s the lin o leu m . T he photograph b e lo w  sh o w s a 
ro ll o f  lin o leu m .
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 3. Inspection o f a finished linoleum role at Kirkcaldy, Scotland (Image 
Bank, 2005)
T he lin o leu m  is then sea so n ed  for  tw o  to four w e ek s at th is e lev a ted  tem perature in 
the dry ing  room s.
2.4 Benefits of Linoleum as a Flooring Product
L in o leu m  can  be m anufactured en tire ly  from  ren ew a b le  resou rces- lin se ed  o il,  
rosin , w o o d  flo o r, cork  p ow d er and p ig m en ts. Indoor air q u a lity  is  b e c o m in g  o f  
in crea sin g  im portance  to con su m ers and this is le s s  a ffec ted  through the  
in troduction  o f  lin o leu m  than v in y l (A d v a n ced  B u ild in g s , 2 0 0 5 ) .
S in ce  the co lo u r in g  o f  lin o leu m  g o e s  through the entire su rface, the d esig n  can  
co n tin u e  to b e  seen  as the product w ears aw ay. S cratch es can  be d isg u ise d  or  
erased  b y  abrading the surface to a sm ooth  fin ish .
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Linoleum does not bum readily, or absorb liquids, making it extremely suitable for 
areas such as kitchens. It can therefore be mopped and scrubbed using conventional 
detergents even in high traffic areas. It does not generate static electricity (Green 
Floors, 2005).
During use, linoleum does not require the addition of anti-bacterial agents, as this 
feature is inherent in the product. It is naturally antimicrobial and inhibits the 
growth and spread of microbes (iFloor, 2006).
At the end-of-life the material will ultimately biodegrade and does not give off any 
hazardous emissions during decomposition. Incineration is also a viable option for 
disposal as linoleum has a similar calorific value to coal (18.6 MJ/kg) and the 
amount of C 02  given off during this process is similar to that taken up during 
growth of the natural raw materials (Green Floors, 2005).
2.5 Conclusion
Linoleum is useful as an environmentally preferable material to other flooring such 
as vinyl flooring. There are a number of benefits to its use that have been described 
above.
The drawback with the production of linoleum is the time taken for manufacture; 
the oxidising process can take several weeks. Epoxidising the linseed oil can result 
in a more reactive product that will cure quickly. However, the properties of the 
final product will differ.
Linoleum is also limited in design and in the late-twentieth century endured a 
reputation as budget flooring low on style and high on practicality. Linoleum is not 
a high fashion product and may yet have a revival o f fortune in the 21st century 
under the environmental umbrella.
It can be seen that the chemistry used in the manufacture o f linoleum is different to 
that used in the production of PAF. The time taken for the manufacturing process 
o f linoleum is not consistent with the PAF concept and therefore this process 
cannot be used.
However, the bio-resin may be used in a current industrial process at Interface. If 
the bio-resin is to be used in this way, that process must first be described and 
understood. This is described in the next chapter.
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3 The M anufacture o f PV C-backed Carpet Tile
3.1 Introduction
T h e 2 4 -m o n th  report d escr ib ed  the p o ss ib ility  o f  u s in g  the b io -res in  in a current 
In terface produ ct- In terlock . T h is sh o w ed  that there w a s a great d ea l m ore  
un derstand ing to  be co m p leted  b efore  this su bstitu tion  co u ld  take p la ce . H o w ev er , 
there are other ap p lica tio n s in w h ich  th is produ ct m ay  be used . O ne such  ex a m p le  
is  as part o f  a b a ck in g  sy stem . T h is sy stem  is  d escr ib ed  in th is chapter.
T here are a num ber o f  sy stem s ava ila b le  for  b a ck in g  carpet b efore  cu tting  in to  
carpet tile s , tw o  o f  w h ic h  are used  at S h e lf  M ills . T h ey  are k n o w n  as G raphlex and  
G lasbac . T h e G rap hlex  b a ck in g  has b een  d escr ib ed  in earlier  reports as recy c led  
filler  w as in v estig a ted  as a p oten tia l substitu te in th is sy stem  (Carter, 2 0 0 5 ).
It is  a paten ted  sy stem  that is  a carbon p o ly m er ised  c o m p o site  incorporating layers  
o f  fib reg la ss . T h e  fib reg la ss  is m u ltid irection a l and therefore its m ain  purpose is to 
o ffer  d im en sio n a l stab ility . It is  desirab le  that the b a ck in g  sy stem  be rela tiv e ly  
h ea v y  so  that it w il l  n o t w arp, w rin k le  or d o m e  under h ea v y  traffic  or extrem e  
ch a n g es in h u m id ity  and tem perature.
T he resu lt is a b a ck in g  that co n ta in s, by  w e ig h t, 3% fib reg la ss , 1-2%  fle e c e  and  
over  95%  b itum en  m ix  (33%  p re-m o d ified  b itu m en , 67%  filler). T h e b itum en is  
app lied  h ot and c o o le d  to a llo w  it to set.
DotiJie layer of 
bitumen and 
polymers
Pile m ade according 
to the m ost modern 
tutting tech m ou es
Coatirg
Ncm vovan pc-fypropytefie 
backing
Double layer of libre 
g lass
Figure 1. Illustration o f Graphlex backing system (Interface Europe, Backing 
Systems, 2003)
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T h e G lasb ac  sy s tem  is  a th erm op lastic  co m p o site  that again  incorp orates fib reg la ss  
for  d im en sio n a l stab ility . H o w e v er  the prim ary b a ck in g  c o n stitu en t is  based  on  
p la stic iz e d  and f ille d  p o ly v in y l ch lorid e  (P V C ). It is  app lied  c o o l and heated  to  
cure.
Fusion implanted 
textile surface
Secondary layers in 
thermoplastic resins
Main com posite in 
thermoplastic resins
Double layer of 
fibre g la ss
Figure 2. Illustration o f GlasBac backing system (Interface Europe, Backing 
Systems, 2003)
T here are severa l w a y s in  w h ich  to rep lace  the current therm op lastic  m aterial w ith  
o n e  o f  le sser  environ m en ta l im pact. A  substitu te m aterial m ay require d ifferen t  
p ro cess in g  c o n d itio n s  and m o st o f  th ese  w ill im pact on  the current p ro cessin g  
req uirem en ts. T herefore  the current p ro cess in g  m ust first be a ssessed .
P V C  is  m anufactured  from  v in y l ch lorid e  (C H 2=C H C 1), a lthough  it can b e  h e a v ily  
p la stic ised  and a d d itiv es su ch  as flam e-retardants, stab ilisers, p ig m en ts and fillers  
are u su a lly  added . It is  a therm op lastic  and therefore can be h eated  and c o o le d  to  
form  d ifferen t sh ap es. H eat is  required in th is in stan ce  to  cure the P V C  due to the  
ad d itiv es in c lu d ed .
3.2 Preparation of PVC mix
P V C  is an e x p e n s iv e  p o ly m er  and therefore m u st be f ille d  w ith  m ore co st e f fe c t iv e  
m aterials. It is  m ix ed  w ith  p la stic izers, resin s and fille rs  in order to bu lk  the m ix . 
T h e p la stic izers and resins a llo w  m ore filler  to be added . In the c a se  o f  Interface, 
the fille r  u sed  is graded v irg in  lim esto n e .
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3.3 Application of the Backing System
A s w e ll  as co n sid er in g  the attributes that are o ffered  b y  a flo o r, it is  im portant to 
esta b lish  the current p r o c ess in g  co n d itio n s  o f  the P V C  b a ck in g  b efo re  co n sid er in g  
a rep lacem en t system . T h is  chapter d escr ib es the current co n d itio n s  for  the  
esta b lish ed  product and operatin g  constra ints. In th is sec tio n  the operatin g  lim its  o f  
the eq u ip m en t are a lso  esta b lish ed  in order to understand p ro cess in g  restrictions  
w ith in  the current equ ip m ent.
T h e tufted  to p c lo th  w ill norm ally  h a v e  a lready been  pre-coated  w ith  an a d h esiv e  
sy stem  b efo re  it is p ro cessed  w ith  the G lasbac  system . T h is  p re-co a tin g  takes p la ce  
in  the sam e m anu factu ring  site . T here are d ifferen t co m p o u n d s app lied , d ep en d in g  
o n  the y a m  sy s tem  used .
T h e  tufted  top clo th  is  presen ted  in  a co n tin u o u s roll v ia  the u se  o f  a se w in g  system . 
T h e end o f  the roll b e in g  p ro cessed  is  attached to  the b eg in n in g  o f  the n ext u s in g  an  
a d h es iv e  strip. It is  h eated  to around 160°C  (±  5 °C ). T h is  tem perature can  be varied  
from  room  tem perature to  o v e r  2 0 0 °C . T h is is  sh o w n  in  figure 3 and 4  b e lo w .
Figure 3. Application o f adhesive to join rolls
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Figure 4. Continuous reel o f tufted yarn with pre-coat applied
T h e tufted  top clo th  is w o u n d  into  b in s to store the e x c e s s  w h ich  en su res that the  
rem ainder o f  the p r o c esse s  can  take p la ce  co n tin u o u sly . T h e ten sio n  on  the p re­
co a ted  sy stem  can  b e  altered  to a llo w  for d ifferen t sy stem s o f  fa c e  yam .
T h e  pre-coated  tufted  c lo th  is then presented  at P V C  Station  1 (figu re  5 ). A t this  
poin t, room  tem perature P V C  m ix  is  app lied  to the back  o f  the c lo th . It is  d e liv ered  
v ia  1.5 tonn e b atches from  the P V C  co m p o u n d in g  site . A t the P V C  co m p o u n d in g  
fa c ility  the P V C  is  m ix ed  w ith  fille rs , a d d itiv es and p la stiso l. T h e am ount and type  
w ill  d epend  on the cu sto m er  requirem ents.
Figure 5. PVC mix being applied via taps to the tufted yarn
244
A levelled blade controls the am ount o f PVC mix applied. This can be raised or 
low ered depending on the thickness o f  the top cloth and the am ount o f PVC mix 
required. The flow-rate o f PVC mix depends on the opening o f the taps, which is 
done by hand.
A t PVC Station 2 a sheet o f fibreglass is coated with PVC mix in the same manner, 
although here it is thicker to avoid the PVC mix striking through to the topcloth, 
again at room tem perature. The two sheets are then sandwiched together, w ith the 
PVC mix in between, as shown in figure 6.
Fibre glass
Tufted yam
I  Heated  
I drum
Figure 6. Schematic o f fibreglass and tufted yarn systems forming sandwich with 
PVC mix
The drum  is heated to 160 °C for m ost applications o f PVC. This aids the cure of 
the PVC before another layer o f fibreglass and PVC is added. The tem perature of 
the drum  can be varied between room  tem perature and 200 °C, w ithin 1 °C 
increm ents. How ever, the range o f tem peratures it is typically used at is from  150 
°C to 170 °C.
The sandwich is then taken to Station 3 where a further layer o f PVC is applied. 
A gain here the thickness o f PVC that is applied can be altered through the use o f a 
levelled blade. The entire system  is then sent to an oven (figure 7) to accelerate 
cure.
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Caution
Hot Surface 
Burns
Figure 7. Radiant panel heating aiding cure o f PVC
T h e o v e n  is  ty p ica lly  h e ld  at 160 - 180  °C , although it can  be lo w ered  to  room  
tem perature i f  required w h en  there is  a stop page in the lin e . T he P V C  is  not in  
d irect con tact w ith  any heat as it is app lied  through radiation. A  cam era is u sed  to  
m easure the surface tem perature o f  the carpet, and the in form ation  is u sed  to  
con tro l the output o f  an infrared heater.
O n rem ova l from  the o v e n  an e m b o ss in g  ro ller  a p p lies a pattern to the P V C  (figure  
8). T h is pattern is  se t as the sy stem  is  then c o o le d  on tw o  c o o lin g  drum s, w h ich  are 
kept c o o l through the u se  o f  c h illed  water.
Figure 8. Embossing applied to the back o f the system
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Once the system is cool, details o f the particular carpet tile and other order 
specifications are printed over the embossing. The tiles are then cut out using a 
press.
The line speed can be altered depending on requirements, up to 10 m/min in 0.1 
m/min increments. It is typically held at around 5 m/min.
3.4 Summary
Although the manufacture o f the Glasbac system has strict requirements, depending 
on the specifications required for the product, there is scope for varying the 
processing requirements. For example, the temperature of the heated rolls, cooling 
rolls and infrared heater can be varied. Altering the line speed can also vary the 
time taken to heat the material.
The PVC is applied cool and this cannot be altered without some investment in 
capital costs. Therefore a liquid system is preferable for straightforward 
replacement. The system can then be heated and cooled in a number of ways 
without excess modifications.
It can be concluded that the PVC application system may be modified such that a 
different material may be used. However, this material would need to offer similar 
properties to PVC both in processing and use. These would be processing times, 
residence times, viscosity at application and cost.
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4 Manufacture of Cross-linker for Bio-Resin
4.1 Introduction
The 2-year dissertation describes the concept of ‘Sustainable’ Interlock and Pour- 
A-Flor (PAF). These are innovative concepts for flooring solutions, based on the 
use of renewable technologies.
The concept of PAF is based on the premise that a liquid can convert to a solid in- 
situ. There are several ways in which this can be achieved, for example:
■ Solidification of a melt on cooling
■ Drying due to evaporation of a liquid phase from a solution in which the 
solid phase is dispersed
■ Drying due to the evaporation of a solvent
■ Polymerisation of a monomer or mixture o f monomers (bulk, solution, 
suspension, emulsion etc)
■ Cross-linking o f a partly polymerised system
■ Phase reversal o f solid dispersed in a liquid phase to give a solution o f the 
liquid in the solid.
The concepts described in previous reports have been based on the polymerisation 
of a liquid epoxidised linseed oil (ELO). The initial investigation that focused on 
reducing the time taken for this reaction is described in the 2-year dissertation.
This chapter describes the production of a di-acid that is used to cross-link ELO. It 
is included here in order to understand the source of the bio-resin. The description 
also shows that the production of the di-acid is relatively simple and may 
potentially be scaled up to commercial production.
4.2 Production of Di-acid- Basic Theory
The cross-linking o f an ELO is achieved via the use o f a liquid di-acid to form a 
flexible polymer network, shown in figures 1,2 and 3 below.
0 0 0
Figure 1. Simplified chemical structure o f ELO
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F i g u r e  2 .  C r o s s - l in k e r  ( d i - a c id )
hcl . 0 0 ^ , 0 Ho
2 + A J
ELO
150°C 15 minutes
HO OH
F i g u r e  3 .  C r o s s - l in k e r  a n d  E L O  r e a c t  t o  f o r m  p o l y m e r
The reaction can occur in around 15 minutes at 150°C, although this does result in 
slight yellowing. They can simply be mixed together at room temperature and 
allowed to cure, although this process can take days.
There are no other products emitted during the reaction that need to be disposed of.
This process that forms the cross-linker is o f interest as ultimately, the entire 
lifecycle of the polymer will be studied. It is important that there are no health and 
safety risks that preclude the development of the polymer with this cross-linker. 
This process will be studied here
In order to function, the cross-linker must have two reactive groups, one on each 
end. If there were a single group, the polymerisation would not be able to 
proliferate and long chains would not form. These reactive groups are acid groups 
that react with the epoxy groups in the ELO.
These acid groups are formed from a previous reaction of dipropylene glycol with 
maleic anhydride.
100 °c
Figure 4. Di-acid formed by heating di-ether in the presence o f male ic anhydride
T here are tw o  m o ls  o f  m a le ic  anhydride required per m o l o f  d ip ro p y len e  g ly c o l.
T h e m olecu la r  w e ig h t o f  m a le ic  anhydride (M A ) can be ca lcu la ted  as 9 8 .0 6  g /m o l  
and d ip ro p y len e  g ly c o l (D G ) as 1 3 4 .1 8  g /m o l.
T herefore  the m ass ratios required are
M A  : D G  =  2 x 9 8 . 0 6 : 1 3 4 . 1 8 =  1 9 6 .1 2 : 1 3 4 .1 8  =  1 .4 6 : 1
4.3 Production of the Di-acid on a Laboratory Scale
4.3.1 Constituents
M a le ic  anhydride is a w h ite , p u n gen t so lid  at room  tem perature. It has a ten d en cy  
to  su b lim e and therefore m ust be handled  ca refu lly . It is o ften  in the form  o f  w h ite  
f la k e s  or b lo ck s that m elt at 5 2  -  5 5  °C.
D ip ro p y len e  g ly c o l is a c lea r  o d o u r le ss  liq u id  at room  tem perature. It b o ils  at 2 2 9  -  
2 3 2  °C .
T h e con stitu en ts are sh ow n  in figu re  5 b e lo w .
Figure 5. Maleic anhydride and Dipropylene glycol
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The constituents can be mixed at room temperature with no visible reaction 
occurring and can be temporarily stored in this form until required. The DG 
provides a seal to the atmosphere that should prevent sublimation. However once 
the reaction begins and stirring takes place, the MA will be exposed to the 
atmosphere intermittently and therefore the vessel should be sealed to prevent the 
MA sublimating and being lost to the local environment.
The safety data sheets for 99 % dipropylene glycol and 99 % maleic anhydride are 
given in Appendix A and B. These are courtesy o f Fisher Scientific. These should 
be adhered to at all times.
Basic precautions are to avoid inhalation or swallowing of either constituent. Wear 
protective gloves, goggles and overall at all times.
4.3.2 Experimental Method
A large, round-bottomed flask is selected and maleic anhydride with dipropylene 
glycol is placed in the bottom as shown schematically in figure 6 below.
Gas
Cool water
Nitrogen
Thermometer
Maleic anhydride and 
dipropylene glycol 's
Electric H eater
T Mechanical stiirer
Figure 6. Schematic set-up o f apparatus
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O n ce  the co n stitu en ts are in serted  in to  the fla sk , they are sea led  to  the atm osphere  
and the v e sse l purged w ith  n itrogen . T h e co tto n  w o o l is inserted  in to  the b ottom  o f  
the a llihn  co n d en ser  in order to  red uce the am oun t o f  M A  g iv en  o f f  to the  
atm osp here , w h ilst  a llo w in g  the n itrogen  to p ass. T h e co tton  w o o l a ids the  
so lid ific a tio n  o f  the M A  c lo ser  to  the v e sse l,  w h ic h  in turn a llo w s  the M A  to 
su b lim ate  back  in to  the v e sse l.
A  h ea tin g  m antle  is required to  heat the m ixture to around 9 5  °C  (±  5 °C ) and the 
m ixture is  co n tin u o u sly  stirred. C arefu l h ea tin g  and c o o lin g  c y c le s  are app lied  as 
required in order to m aintain  a c o n sisten t tem perature as the reaction  h as a 
ten d en cy  to  b e  exo th erm ic  at th is tem perature.
T h e  m ixture w ill  a lso  tend to c ro ss-lin k  w ith  i t s e lf  a b o v e  tem peratures o f  150 °C  
and resu lt in a v isc o u s  m a ss that w ill  c o o l  to a so lid .
T h e  reaction  is a llo w ed  to co n tin u e  for  2 hours and 4 5  m in u tes, after w h ich  it is  
a llo w e d  to  c o o l  to room  tem perature.
4.3.3 Results and Discussion
1 5 1 9 .7 8  g  o f  m a le ic  anhydride (1 5 .5  m o ls )  w a s cru shed  and inserted  into  a 5 litre  
rou n d -b ottom ed  fla sk . 1 0 3 9 .8 2  g o f  d ip ro p y len e  g ly c o l (7 .7 5  m o ls )  w a s a lso  added  
to  the fla sk  (figure 6 ). T h e resu ltin g  m ixture lo o k e d  as sh o w n  in  figure 7 .
Figure 7. Resulting mixture in flask
T h e  apparatus w a s then set up as sh o w n  in the sch em a tic  (figu re  6 ) and stirring  
b eg a n  (figu re  8)
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Figure 8. Apparatus set up
N itro g en  w a s bu bb led  through the m ixture and ex p u n g ed  v ia  the co n d en ser , w ith in  
a fu m e  ex traction  cupboard . T h e stirrer rotated at 120 rpm  as the heater began  to  
heat.
T h e  figu re  b e lo w  sh o w s the m ixture at 4 5  °C, c learly  sh o w in g  the m a le ic  anhydride  
su b lim in g  o n to  the g la ss  surface.
Figure 9. Mixture at 45 tC, continuing to heat
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A t 85 °C , after  4 5  m in u tes, the stirring w a s  in crea sed  to 5 0 0  rpm  as the m a le ic  
anhydride had m o stly  transform ed to a liq u id  state. T h e  ten d en cy  o f  the M A  to 
su b lim e  w a s still ev id en t, a lthough  th is w a s su b seq u en tly  red uced  through heatin g  
the w a lls  o f  the g la ss  v e sse l.
Figure 10. Mixture at 85 °C
A fter  5 5  m in u tes, at 95  °C , the m ixture w a s a llo w ed  to  c o o l v ia  air and the add ition  
o f  a w ater b o w l. A  carefu l h eatin g  and c o o lin g  c y c le  kept the m ixture w ith  5 °C  o f  
th is tem perature. S u b lim ed  m aterial w a s still ev id en t o n  the w a lls  o f  the g la ss  
v e s se l  (se e  b e lo w ).
F ig u r e  11. R e a c t io n  c o n t in u in g  e x o t h e r m ic a l l y
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T h e  tem perature o f  the m ixture b eca m e stab le  1 hour and 4 0  m inutes after the 
h ea tin g  b egan . A  tin fo il  ja ck e t w a s then u sed  to rid the v e sse l o f  su b lim ated  M A ,  
w h ich  in turn en co u ra g ed  the last o f  the reaction  to take p la ce . T h is w a s then le ft  to  
c o o l  w ith  c o n tin u o u s stirring for  a further 1 hour and 5 0  m in u tes (figure 12).
Figure 12. Thermal jacket surrounding completed reaction
T h e resu ltin g  m ixture is  a fa irly  v isc o u s , c lear, liq u id  that w ill be used  to  c ro ss-lin k  
the EL O .
It can  be seen  that the ch em istry  o f  th is reaction  is re la tiv e ly  s im p le  to a c h iev e .  
T here are a ser ies o f  p recau tion s that n eed  to be taken in order to red u ce  the risk  to  
the user and lo c a l environ m en t. H o w ev er , i f  these  are fo llo w e d  correctly  then there  
w ill  be n o  ad verse  e ffe c ts  to lo ca l organ ism s.
It h a s b een  sh o w n  that the tem perature o f  the reaction  n eed s to be co n tro lled  
ca re fu lly  in order to create the product required. T h is is so m eth in g  that w il l  require  
ca refu l con sid era tio n  for  increased  v o lu m es o f  production .
A n a ly s is  has a lso  sh o w n  that, a lthough  the reaction  is m o stly  c o m p le te  after I hour  
and 4 5  m inutes, con tin u in g  for the further 1 hour en su res that all the co n stitu en ts  
are reacted .
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The cross-linker is produced from two elements with the possibility that one of 
these may be made from renewable resources and this requires further 
investigation, perhaps via the use of the Green Chemistry Network.
4.4 Concluding Remarks
The cross-linker is relatively simple to produce from two components, with careful 
consideration of emissions, temperature and health and safety. The reaction may be 
scaled up or down to produce different quantities of cross-linker.
The cross-linker will be used in a reaction to produce a resin based on renewable 
resources. However, there are other cross-linkers that may be considered for future 
use which are described in the 2-year dissertation. This cross-linker is chosen to be 
investigated further as it does not necessarily require the input of energy to activate 
the cross-linking reaction.
The next chapter describes the process o f investigating the effect o f varying the 
amount of cross-linker used in curing the ELO.
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5 Experimental Methods
5.1 Introduction
In order to be able to decide if  a material can replace PVC in any capacity, it must 
be deemed ‘fit-for-purpose’, i.e. it must perform as designed in service without 
undue failure. In the particular example of a flooring product it must perform as a 
stable surface without undue risk to the user. There are other considerations such as 
health and safety in use, environmental performance, resistance to wear etc. The 
identification of these parameters is described in the 24-month report (Carter, 
2005).
The purpose of the standard flooring material tests is to simulate conditions that 
occur in service. The standard tests include a castor chair test, simulating office use 
(BS EN 905:1994), Vetterman drum simulating footfall (BS ISO 10361:2000) and 
Lisson Tretrad simulating dry abrasion (BS EN 1963:1998). The tests typically 
used for carpet are more fully described in the 6-month report (Carter, 2004).
While these flooring tests are useful in simulating service conditions, around 0.25 
m2 of material is required per test. In many situations this is not a problem, but if  
we consider the bio-resin, then the associated material cost becomes important.
As the preliminary research was conducted in partnership with Agrotechnology and 
Food Innovations (A and F), there are significant costs associated with the
__________ r „ 4.----------4- u ------------------------------- i : _ u  0 1 ________*■—  a  a  1*1 un u u iu ia c iu ic  u i u ic  ciuaa-iiiiKCi u osu n u cu  m  ‘t. / \iu iu u g n  u ic
manufacturing process is relatively simple, it is not currently possible to do this 
process at Interface, Shelf Mills. The cost is for the expertise and confidentiality of  
A and F and not the actual manufacturing process.
In future, larger scale experiments it would be prudent to scope out another 
supplier o f the cross-linker that may be able to manufacture on a larger scale. 
However, at present, confidentiality issues prohibit this.
If we assume that each batch o f tests would require at least 1 m2 of material, then 
much o f the cost is the cross-linker (1900 € / 5kg), and assuming an average weight 
ratio o f 0.7:1 (Diacid:ELO) and an average mass of 2 kg/ m2 we find that:
Cost per sample = 1 x (1900/5) x (0.7/1.7) x 2 = 313 € per sample
The cost becomes significant when large samples are used, and so it is beneficial to 
have some intermediate tests, the results from which can be used to give some 
indication o f performance in service.
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It has been proposed (Carter, 2006), that material indices (Ashby 2000, p407) can 
be related to performance in testing. However, the relationship between material 
characteristics and flooring performance is not yet fully understood. It is clear that 
harder and stronger materials are more durable in service. This is why materials 
such as varnished wood, ceramics, linoleum and nylon are used for flooring 
products, and rarely materials such as paper, foams and cotton.
The bio-resin has a number of process parameters in manufacture, such as cross- 
linker amount, time at elevated temperature and temperature, that may affect the 
performance in service as well as the material characteristics. It is suggested that 
the properties determined from a sample tensile test may highlight differences in 
material characteristics relevant to flooring performance without requiring a large 
volume of material to undergo testing.
Traditional flooring tests will then be carried out on the materials identified from 
this preliminary case study, in order to assess if  these differences highlighted by the 
tensile tests are indeed exhibited during simulated use.
5.2 Test Method
There are a number of ways in which to determine material properties. As an 
example, the most common method for determining Young’s Modulus (E) and 
strength (o) is a tensile test using a tensile tester such as a Testometric Micro 350.
This involves taking a sample of known dimensions and applying a force, or 
continuous movement until the sample fails. The resulting graph of force versus 
distance moved can be converted into a nominal stress-strain graph (figure 1).
Since:
a  = F/A where F is the force applied and A is the nominal
cross-sectional area.
And strain (e):
e = 81/1 where 81 is the extension measured over the initial 
gauge length, 1.
From the graph, the properties of modulus, o y (yield stress) and Of can then be 
determined (see figure 1).
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F i g u r e  1 . S c h e m a t i c  s t r e s s - s t r a in  c u r v e
This is just one example of tests that are available to determine material properties 
and is the one that will be used for the preliminary testing.
5.3 Sample Preparation
The samples to be used in the tensile tests need to be (and are) prepared in a 
manner that can be consistently repeated and reproduced. Therefore it is important 
that the sample preparation is documented. The manner in which the samples are 
prepared for testing is adapted from several British Standards.
A disposable compatible container is used to hold the constituents. The cross-linker 
is first placed within a container and the mass measured using a calibrated scale- 
the Mettler PI200, correct to ±0.01 g. The epoxidised linseed oil (ELO) is then 
added to the cross-linker. As it is less viscous than the cross-linker its addition is 
easier to control. The molar ratio of components is noted and mass ratio calculated- 
the exact amount added is carefully controlled and noted in a log. It is subsequently 
used to calculate the exact molar ratio of components.
Any other additions that are required for the mix are added after the main 
components. The components are then well mixed using a magnetic stirrer at 3000 
rpm for 2 minutes. This speed and time were chosen as it has previously been 
shown to provide an effective mix (A and F, 2005). This speed and time were also 
used in previous experiments in which a vegetable dye was added and visual 
inspection suggested that the dye was distributed evenly after 2 minutes of stirring.
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T h e m ou ld  to be used  is  p re-heated  in an o v e n  to 5 °C  a b o v e  the desired  
tem perature. T he e le v a ted  tem perature is  required  as there is  a tem perature fa ll 
w h en  the o v e n  door  is  op en ed . T he m o u ld  is  rem o v ed , the liq u id  poured  into the 
m o u ld  and then rep laced  in  the o v e n . H o w e v er , im m ed ia te ly  up on  returning the  
m o u ld  to the o v e n , the tem perature is  reset to the d esired  v a lu e  w ith  a variance o f  
±1 °C . T h is is se t u s in g  a ca librated  d ig ita l contro l.
A  ten sile  sp ec im en  m ou ld  w a s m anufactured  from  sta in le ss  stee l to  the d im en sio n s  
set out in B S  E N  ISO  5 2 7 -2 : 1 9 9 6  (figu re  2 ). E arly  ex p erim en ts w ith  the  
co m p o n en t m ix  and a ten sile  test m ou ld  sh o w e d  that lubrication  w a s essen tia l to 
ensu re the sam p le  co u ld  be released .
H o w ev er , there w a s no  m eth od  o f  lub rication  that co u ld  be fou n d  for the m ou ld , 
sh o w n  b e lo w , that a llo w ed  e a sy  re lea se  o f  the sp ec im en  w ith o u t m ech an ica l  
d eform ation .
Figure 2. Tensile test specimen mould filled with material
T herefore it w a s d ec id ed  that the sa m p les req uired  sh o u ld  b e  cut from  sheet 
m ateria l- regrettab ly  u sin g  m ore m aterial and p ro v id in g  m ore w a ste . H o w ev er , th is  
co u ld  b e  m in im ised  u sin g  a carefu l cu ttin g  reg im e.
T h e co m p o n en t m ix  is therefore poured  in to  a h e a v y  tray w ith  a n o n -stick  surface  
or n o n -stick  lin er (figu re  3). T his tray is  pre-h eated  in the o v e n  to 5 °C  ab ove  the  
required tem perature and care is taken to ensu re  that it is  le v e l in the o v en . T h e tray 
w ill  a lso  lo se  heat w h en  the o v en  door is  o p en ed .
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Figure 3. Non-stick tray placed level
T h e m ixture is  pou red  q u ick ly  into  the tray and returned to the heated  o v e n  for  the  
required tim e. S m a ll am oun ts o f  b u bb les are still present from  the m ix in g  
proced ure, a lth ou gh  the am oun t o f  air is  m in im ised  through the m ix in g  procedure  
used . T he b u b b les d isp erse  q u ick ly  o n  h ea tin g  o f  the m ixture.
A fter  the required am ount o f  tim e, the tray is rem o v ed  from  the o v e n  and the  
sa m p le  is  r em o v ed  from  the tray. It is p la ced  on a w ire  rack in order to a llo w  fu ll 
air c ircu la tion  at room  tem perature. It is then la b e lled  in the fo llo w in g  m anner:
0 0 .0 0 /1 1  l /2 2 x /A A A /Y
In this la b e llin g  sy stem  0 0 .0 0  is the m olar ratio o f  d iac id  to 1 m o le  o f  E L O , 111 is  
the curin g  tem perature in °C , 2 2 x  is the curin g  tim e in hours or m in u tes (g iv en  by  
x ), A A A  are a v a ila b le  for o ther add ition s and Y in d ica tes the sam p le  letter- A , B , C  
etc .
T here are no  B ritish  Standards that d escr ib e  the c o n d itio n in g  required for  this 
particular sy stem . H o w ev er , there are ex a m p les  w ith in  the standards for  other  
p la stic s  and th ese  are used  here.
T h e  sam p le is then le ft  at room  tem perature for 72  hours. T h is  en su res that any  
res ilien t p r o c esse s  h a v e  c o m p leted  in accord an ce  w ith  B S  E N  ISO  1 7 9 8 :1 9 9 9 .
T h e  sa m p le  is then cu t ou t u sin g  a hand press and cutter (figu re  4  and 5 ). T h is  
cutter has been  sp ec if ie d  by  B S  E N  ISO  1798 .
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Figure 4. Hand press
Figure 5. Cutter as specified for making tensile samples from plaques
T he cut sa m p les m ust a lso  b e  co n d itio n ed  for  2 4  hours to ensu re that the 
atm osp heric  e ffe c ts  are the sam e w ith  each  test. D ep en d in g  o n  m aterial, d ifferen t  
requirem ents are p la ced  on  atm osp heric  co n d itio n s . A  co n tro lled  atm osphere is  
used  for  traditional carpet tests o f  65  ± 5  % R H  and 2 0  ±  1 °C . It therefore seem s  
prudent to u se  th is c o n d itio n in g  for the sa m p les in ea ch  c a se , as w e ll  as testin g  in  
th is environ m en t.
For ea ch  set o f  sa m p les, at least s ix  sam p les are prod u ced - th is is  to ensure that 
there are f iv e  sa m p les that are su itab le  for  testin g , as sp e c if ie d  in B S  2 8 4 6 -2 :1 9 8 1  
ISO  2 6 0 2 -1 9 8 0 . T h e  sa m p les are in d iv id u a lly  la b e led  in  the sam e m anner as before  
and are then ready for  testing .
5.4 Testing
T he sa m p les are tested  in a ccord an ce  w ith  B S  E N  ISO  5 2 7 -1 :1 9 9 6  B S 2 7 8 2 -  
3:M eth od  3 2 1 :1 9 9 4  ISO  5 2 7 -1 :1 9 9 3 .
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“T h is  B r i tis h  S ta n d a r d  d e s c r ib e s  th e  d e te rm in a tio n  o f  te n s ile  p r o p e r t ie s  o f  p la s t ic s ,  
in c lu d in g  g e n e r a l  p r in c ip le s .  T h e  m e th o d s  d e s c r ib e d  in  th is  s ta n d a r d  a re  u se d  to  
in v e s t ig a te  th e  te n s ile  b e h a v io u r  o f  th e  te s t  s p e c im e n s  a n d  f o r  d e te r m in in g  th e  
te n s ile  s tre n g th , te n s ile  m o d u lu s  a n d  o th e r  a sp e c ts  o f  th e  te n s ile  s tr e s s /s tr a in  
re la tio n s h ip  u n d e r  th e  c o n d it io n s  d e fin e d .  ”
A fter  c le a n in g  o f f  any lo o se  partic les , the central portion  o f  the d u m b b ell is 
m easured  across the w id th  and th ick n ess to ±  0.1 m m . T hree m easurem ents are 
taken and the arithm etic m ean  v a lu e  for the w idth  and th ick n ess ca lcu la ted . F ive  
sa m p les  are m easured  in  turn and the resu lts lo g g ed .
T h e  g a u g e  len gth  is  m arked on  the sa m p les, app rox im ate ly  equ id istan t from  the  
m id -p o in t, n o t m ore than 5 0  m m  ±  1m m  apart (E N  IS O  1 7 9 8 :1 9 9 9 ).
T h e  test sp ec im en  is  then c la m p ed  in the T estom etr ic  M icro  3 5 0  (figu re  6 ), 
ca librated  b y  U K A S  to  ISO  5 8 9 3  and B S  E N  ISO  7 5 0 0 -1 :1 9 9 9  to  grade 0 .5 , tak ing  
care to  a lign  the lo n g itu d in a l a x is  o f  the test sp ec im en  w ith  the a x is  o f  the testin g  
m a ch in e  and to set the g a u g e  len gth  correctly .
Figure 6. Testometric Micro 350
T h e stiffn e ss  o f  the m ach in e  has been  ca lcu la ted  by the m anufacturers and is  
acco u n ted  fo r  in the e lectro n ic  ca lcu la tion  o f  the d ista n ce  m o v ed  by  the cro ssh ead .
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The test specimen is extended along its major longitudinal axis at a constant speed 
o f 100 mm/min until the specimen fractures. Any fractures that occur outside the 
gauge length, within 10 mm of the jaws or where there is an obvious defect are 
discarded.
The maximum force and elongation is measured electronically using the 
Testometric Micro 350 and a stress-strain graph is produced.
The Young’s modulus o f elasticity is calculated from the stress at a strain o f 0.0005 
and the stress at a strain of 0.0025 (i.e. a secant modulus between 0.05 and 0.25% 
strain). This is given in BS EN ISO 527-1:1996.
These calculations can be worked out for each o f the samples and the arithmetic 
mean and standard deviation can be found. These results are then tabulated.
5.5 Results
The experiments are ongoing at present. The variables o f interest are the effects of 
changing molar ratio o f ELO: di-acid, temperature o f cure and time of cure. A  
likely next step will be to assess the effects o f adding filler.
Three samples were taken at a 2.5:1 (diacid:ELO) molar ratio and cured for 30 
minutes at 140 °C, 150 °C and 160 °C.
From the data shown in figure 7 it is clear that there are marked differences in the 
mean nominal strain to failure, maximum nominal stress and Younp’s Modulus- - - - - - - - -  - 7 -* -  “ — — — O  ----------
The error bars on the graph show the standard deviation o f the results.
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Figure 7. Graph showing the effect o f changing cure temperature on properties
5.6 Conclusion
It can  be seen  from  the prelim inary  resu lts that there are m easurab le  d iffe re n c es  in  
so m e  characteristics w ith  ex p erim en ta l variab les.
In order to co n c lu d e  i f  th ese  resu lts are in d ica tiv e  o f  p erform ance in serv ice  they  
m ust be com p ared  w ith  resu lts from  flo o r in g  tests. T herefore  the exp erim en ts  
currently b e in g  undertaken  w ill co n tin u e , w ith  tw o  ex trem es o f  p erform ance tested  
in  f lo o r in g  tests.
I f  there is  little  or no  d ifferen ce  in perform ance noted , then the prelim inary  tests  
w ill  b e  in va lid  for  their purpose. H o w ev er , th is w o u ld  in d ica te  that so m e  other  
prelim inary  testin g  is  required.
If there is correlation  b e tw een  this prelim inary testin g  and perform an ce  in practice, 
th is correlation  can  be a ssessed .
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6 Future Work
The Gantt chart in figure one shows predicted progress for the next 18 months.
Samples will be manufactured with differing ratios of ELO:Diacid and also for 
different lengths of time at elevated temperature. Filler will also be added to the 
samples and differences in material properties (E, 8f, Of) noted.
In order to establish if differences in these properties are significant, two samples 
will be tested using typical flooring tests, such as Vetterman drum (BS ISO 
10361:2000) and Lisson Tretrad (BS EN 1963:1998).
These samples will be chosen for their different material characteristics as extremes 
of performance. It will be intriguing to note if  there are different performances in 
these flooring tests.
If there are no differences in performance then it can be established that the tensile 
tests are not indicative. In this case, a full regiment of tests will be required to test 
the effect o f each manufacturing variable.
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Figure 1. Gantt chart for next 18-Month period
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Safety Data Sheet
D IP R O P Y L E N E  G L Y C O L , 99%  M IX T U R E  O F  IS O M E R IC  P R O P Y L E N E
G L Y C O L  E T H E R S
Section 1 - Chemical Product and Company Identification
MSDS Name: DIPROPYLENE GLYCOL, 99%  MIXTURE OF
ISOMERIC PROPYLENE GLYCOL ETHERS 
Catalog 40915-0000, 40915-0010, 40915-0250
Numbers:
Synonyms:
Company Identification: Acros Organics BVBA
Janssen Pharmaceuticalaan 
3a
2440 Geel, Belgium 
Company Identification: (USA) Acros Organics
One Reagent Lane 
Fair Lawn, NJ 07410 
For information in th e  US, call: 800-ACROS-01 
For Inform ation  in Europe, call: +32 14 57 52 11 
Emergency Number, Europe: +32 14 57 52 99
Emergency Number US: 201-796-7100
CHEMTREC Phone Number, US: 800-424-9300  
CHEMTREC Phone Number, 703-527-3887  
Europe:
Section 2 - Composition, Inform ation  on Ing red ien ts
CAS# Chemical Name: % EINECS#
25265-71-8  DIPROPYLENE GLYCOL 99%  246-770-3
Hazard None listed.
Symbols:
Dipropylene Glycol
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Risk Phrases: None listed.
Section 3 - Hazards Identification
EMERGENCY OVERVIEW
Not available.
Potential Health Effects
Eye: Causes m ild eye irr ita tion .
Skin: Causes m ild skin irr ita tion .
Ingestion: Expected to  be a low ingestion hazard.
Inhalation: May cause resp ira tory tra c t irr ita tion .
Chronic: Prolonged o r repeated exposure may cause 
nausea, dizziness, and headache.
Section 4 - First Aid Measures
Eyes: Flush eyes w ith  p lenty o f w a te r fo r a t least 15
m inutes, occasionally lifting  the upper and
low er eyelids. Get medical aid.
Skin: Get medical aid. Flush skin w ith p lenty o f w a te r
fo r a t least 15 m inutes while rem oving
contam inated clothing and shoes.
Ingestion: Get medical aid. Wash m outh out w ith  water.
Inhalation: Remove from  exposure and move to fresh a ir
im m edia te ly. Get medical aid.
Notes to
Physician:
Section 5 - Fire Fighting M easures
General As in any fire , wear a self-conta ined
Inform ation: breath ing apparatus in pressure-dem and,
MSHA/NIOSH (approved or equ iva len t), and
Dipropylene Glycol
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fu ll p ro tective  gear.
Extinguishing Use w a te r spray, dry chem ical, carbon 
Media: dioxide, or chemical foam.
Section 6 - Accidental Release M easures
General Use proper personal pro tective  equ ipm ent as
Inform ation: indicated in Section 8.
Spills/Leaks: Absorb spill w ith  inert m ateria l (e.g.
ve rm icu lite , sand or earth ), then place in 
su itable container.
Section 7 - Handling and S torage
Handling: Avoid breath ing dust, vapor, m ist, o r gas. Avoid 
contact w ith  skin and eyes.
Storage: Store in a cool, dry place. Store in a tig h tly  closed 
container.
Section 8 - Exposure Controls, Personal Protection 
Engineering Controls:
Use adequate ventila tion  to keep a irborne concentrations 
low.
Exposure Limits
CAS# 25265-71-8 :
Personal Protective Equipment
Eyes: W ear chem ical splash goggles. W ear appropria te
pro tective  eyeglasses or chemical safety goggles 
as described by OSHA's eye and face protection 
regulations in 29 CFR 1910.133 o r European 
Standard EN166.
Skin: W ear appropria te  protective gloves to  prevent
skin exposure.
Clothing: W ear appropria te  protective clothing to  prevent
skin exposure.
Dipropylene Glycol
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Respirators: Follow the OSHA resp ira tor regulations found in 
29 CFR 1910.134 o r European Standard EN 149. 
Always use a NIOSH or European S tandard EN 
149 approved resp ira tor when necessary.
Section 9 - Physical and Chemical Properties
Physical S ta te : Clear liquid
Color: colorless - APHA: 15 max 
Odor: Not available. 
pH: Not available.
Vapor P ressure : Not available.
Viscosity: Not available.
Boiling Point: 229 - 232 deg C @ 760.00m m  
Hg
Freezing/M elting Point: Not available.
Autoignition Tem perature: 310 deg C ( 590.00 deg F)
Flash Point: 138 deg C ( 280.40 deg F)
Explosion Limits: Lower: 2.90 vol %
Explosion Limits: Upper: 12.60 vol %
Decomposition
Tem perature :
Solubility in w ater: miscible w ith w ater 
Specific Gravity/Density: 1.0200g/cm 3 
Molecular Formula: C6H1403 
Molecular Weight 134.18
Other Materials
H azardous Decomposition Carbon m onoxide, carbon
Dipropylene Glycol
Section 10 - Stability and Reactivity
Conditions to  Avoid: 
Incom patibilities with
Chemical Stability: Stable under normal 
tem pera tures and pressures. 
Incom patib le  m ateria ls. 
Strong oxidizing agents.
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Products  dioxide.
H azardous Polymerization Will not occur.
Section 11 - Toxicological Inform ation
RTECS#: CAS# 25265-71 -8 : UB8765000
LD50/LC50:
CAS# 25265-71-8: Oral, rat: LD50 = 
14850 m g /kg ;
Skin, rabbit: LD50 = >20 m L/kg;<B R .
Skin, rabb it: 500 m g/24H mild Eye, rabb it: 
500 mg m ild
Carcinogenicity: DIPROPYLENE GLYCOL - Not listed as a 
carcinogen by ACGIH, IARC, or NTP.
Other: See actual en try  in RTECS fo r com plete
in form ation .
Section 12 - Ecological Inform ation
Other: No in form ation  available.
Section 13 - Disposal Considerations
Dispose of in a m anner consistent w ith federal, state, and local 
regulations.
Section 14 - T ransport Inform ation
IATA IMO RID/ADR
Shipping Not Not Not
Name: available. available. available.
Hazard Class:
UN Number:
Packing Group:
Dipropylene Glycol
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Section 15 - Regulatory Inform ation 
E uropean /In te rna tiona l Regulations
E uropean  L a b elin g  in A cco rd a n ce  w ith  E C  D irec tiv e s  
H azard S y m b o lsrN o t ava ilab le .
R isk  Phrases:
S a fe ty  Phrases:
S 2 4 /2 5  A v o id  con tact w ith  sk in  and e y es .
W G K  (W ater D an ger/P rotection )
C A S #  2 5 2 6 5 -7 1 -8 :  1 
C anada
C A S #  2 5 2 6 5 -7 1 -8  is lis ted  on  Canada's D S L  L ist
US Federal
T S C A
C A S #  2 5 2 6 5 -7 1 -8  is lis ted  on the T S C A  In ventory.
Section 16 - O ther Inform ation
MSDS Creation Date: 8/02 /1996  
Revision # 1  Date 4 /11 /2000
T h e in form ation  ab o v e  is  b e lie v e d  to be accurate and represents  
the b est in form ation  currently a v a ila b le  to us. H o w ev er , w e  m ake  
no w arranty o f  m erchan tib ility  or any o ther w arranty, ex p ress or  
im p lied , w ith  resp ect to su ch  in form ation , and w e  assu m e no  
lia b ility  resu ltin g  from  its u se. U sers sh o u ld  m ake their o w n  
in v estig a tio n s  to determ ine the su itab ility  o f  the in form ation  for  
their particular pu rp oses. In no e v en t sh all F isher  liab le  fo r  any  
c la im s, lo sse s , or  d a m ages o f  any third party or for  lo st  profits or  
any sp ec ia l, ind irect, in c id en ta l, c o n seq u en tia l, or ex em p lary
Dipropylene Glycol
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damages howsoever arising, even if  Fisher has been advised of the 
possibility of such damages.
Dipropylene Glycol
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Safety Data Sheet 
Section 1 - Chemical Product and Company Identification
MSDS Name: Maleic anhydride, 99%
Catalog 36494-0000, 36494-0010, 36494-0050,
Numbers: 36494-0250
Synonyms: MA; 2,5-Furandione
Company Identification: Acros Organics BVBA
Janssen Pharmaceuticalaan 
3a
2440 Geel, Belgium 
Company Identification: (USA) Acros Organics
One Reagent Lane 
Fair Lawn, NJ 07410 
For information in the  US, call: 800-ACROS-01 
For information in Europe, call: +32 14 57 52 11 
Emergency Number, Europe: +32 14 57 52 99
Emergency Number US: 201-796-7100
CHEMTREC Phone Number, US: 800-424-9300 
CHEMTREC Phone  Number, 703-527-3887
Europe:
Section 2 * Composition, Inform ation  on Ing red ien ts
CAS# Chemical Name: %  EINECS#
108-31-6 Maleic anhydride 99%  203-571-6
Hazard C
Symbols:
Risk Phrases: 22 34 42 /43
Maleic Anydride
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Section  3 - Hazards Identification
EMERGENCY OVERVIEW
Harmful if  swallowed. Causes burns. May cause sensitization by 
inhalation and skin contact. Moisture sensitive.
Potential Health Effects
Eye: Causes eye burns. May cause conjunctivitis.
Causes redness and pain.
Skin: Causes skin burns. May cause skin sensitization,
an allergic reaction, which becomes evident upon 
re-exposure to this material. Causes redness and 
pain. May cause blistering of the skin.
In gestion : Harmful if swallowed. Causes gastrointestinal tract 
burns.
Inhalation: May cause allergic respiratory reaction. May cause 
irritation of the respiratory tract with burning pain 
in the nose and throat, coughing, wheezing, 
shortness of breath and pulmonary edema.
Causes chemical burns to the respiratory tract.
Chronic: Repeated exposure may cause allergic respiratory
reaction (asthma). Prolonged or repeated contact 
may cause possible eczema.
Section 4 - First Aid M easures
Eyes:
Skin:
Ingestion:
Immediately flush eyes with plenty of water for 
at least 15 minutes, occasionally lifting the 
upper and lower eyelids. Get medical aid 
immediately.
Get medical aid immediately. Immediately flush 
skin with plenty of water for at least 15 minutes 
while removing contaminated clothing and 
shoes.
Get medical aid immediately. Wash mouth out 
with water.
Maleic Anydride
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Inhalation: Get medical aid immediately. Remove from
exposure and move to fresh air immediately. If 
not breathing, give artificial respiration. If 
breathing is difficult, give oxygen.
N otes to  Treat symptomatically and supportively.
Physician: 
Section 5 - Fire Fighting M easures
General
Inform ation:
Extinguishing
Media:
As in any fire, wear a self-contained breathing 
apparatus in pressure-demand, MSHA/NIOSH 
(approved or equivalent), and full protective 
gear. Dusts at sufficient concentrations can 
form explosive mixtures with air.
Use carbon dioxide. Use alcohol foam. Do NOT 
use dry powder.
Section 6 - Accidental R elease M easures
General Use proper personal protective equipment
Inform ation: as indicated in Section 8.
Spills/L eaks: Vacuum or sweep up material and place
into a suitable disposal container.
Section 7 - Handling and Storage
Handling: Avoid breathing dust, vapor, mist, or gas. Avoid 
contact with skin and eyes. Take precautionary 
measures against static discharges.
Storage: Store in a cool, dry place. Store in a tightly closed 
container. Store protected from moisture.
Section 8 - Exposure Controls, Personal Protection  
Engineering Controls:
Facilities storing or utilizing this material should be
Maleic Anydride
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equipped with an eyewash facility and a safety shower. 
Use adequate ventilation to keep airborne concentrations 
low.
Exposure Limits
CAS# 108-31-6:
U nited States OSHA: 0.25 ppm  TW A; 1 mg/m3 TW A 
Belgium  - TW A: 0.25 ppm  VLE; 1 mg/m3 VLE 
France - VLE: 1 mg/m3 VLE 
Germany: 0.1 ppm  TW A ; 0.41 mg/m3 TW A
M alaysia: 0.25 ppm  TW A; 10 mg/m3 TW A 
Netherlands: 0.1 ppm  M AC; 0.4 mg/m3 M AC 
Russia: 1 mg/m3 TW A
Personal Protective Equipment
Eyes: Wear chemicai spiasn goggies.
Skin: Wear appropriate protective gloves to prevent
skin exposure.
Clothing: Wear appropriate protective clothing to prevent
skin exposure.
Respirators: Follow the OSHA respirator regulations found in 
29 CFR 1910.134 or European Standard EN 149. 
Always use a NIOSH or European Standard EN 
149 approved respirator when necessary.
Section  9 - Physical and Chemical Properties
Physical State: Flakes 
Color: white
Maleic Anydride
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Odor: pungent odor 
pH: Not available.
Vapor Pressure: 0.16 mm Hg @ 20 deg C 
V iscosity: 1.6 mPa.s @60 deg C 
Boiling Point: 200 deg C @ 760 mmHg ( 
392.00°F) 
Freezing/M elting Point: 52-55 deg C 
Autoignition Tem perature: 477 deg C ( 890.60 deg F) 
Flash Point: 103 deg C ( 217.40 deg F) 
Explosion Limits: Lower: 1.40 vol %
Explosion Limits: Upper: 7.10 vol % 
D ecom position >150 deg C 
Tem perature:
Solubility in water: 79g/100ml in water (25°C) 
Specific G ravity/D ensity:
Molecular Formula: C4H203 
Molecular W eight 98.06
Section 10 - Stability and R eactivity
Chemical Stability: Stable.
Conditions to 
Avoid:
Incom patibilities  
w ith Other 
Materials
Hazardous 
D ecom position  
Products 
Hazardous 
Polym erization
Maleic Anydride
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Incompatible materials, ignition sources, 
dust generation, exposure to moist air or 
water.
Strong oxidizing agents, strong reducing 
agents, strong acids, strong bases, alkali 
metals, alkaline earth metals, amines, 
caustics (e.g. ammonia, ammonium 
hydroxide, calcium hydroxide, potassium 
hydroxide, sodium hydroxide), 
triethylamine, pyridine, ammonium ions. 
Carbon monoxide, carbon dioxide.
Will not occur.
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Section  11 - Toxicological Inform ation
RTECS#: CAS# 108-31-6: ON3675000
LD50/LC50:
CAS# 108-31-6 : Dermal, guinea pig: LD50 
= >20 gm/kg;
Draize test, rabbit, eye: 1% Severe;
Oral, mouse: LD50 = 465 mg/kg;
Oral, rabbit: LD50 = 875 mg/kg;
Oral, rat: LD50 = 400 mg/kg;
Skin, rabbit: LD50 = 2620 mg/kg;<BR. 
Carcinogenicity: Maleic anhydride - Not listed as a carcinogen 
by ACGIH, IARC, or NTP.
Other: See actual entry in RTECS for complete
information.
Section  12 - Ecological Inform ation
Ecotoxicity: Fish: Mosquito Fish: LC50 = 240 mg/l; 96 H; .
Fish: Bluegill/Sunfish: LC50 = 150 mg/l; 24 H; . 
Bacteria: Phytobacterium phosphoreum: EC50 = 
44 ppm; 30 min.; Microtox test 
Daphnia: LC50 = 330 mg/l; 48 H; .
Fish: Rainbow trout: LC50 = 75 mg/l; 96 H; .
Other: Do not empty into drains.
Section  13 - D isposal C onsiderations
Dispose of in a manner consistent with federal, state, and local 
regulations.
Section  14 - Transport Inform ation
IATA IMO RID/ADR
Shipping MALEIC MALEIC MALEIC
Name: ANHYDRIDE ANHYDRIDE ANHYDRIDE
Hazard 8 8 8
Maleic Anydride
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Class:
UN 2215 2215 2215
Number:
Packing III III III
Group:
USA RQ: CAS# 108-31-6: 5000 lb final RQ; 2270 kg final RQ 
Section 15 - Regulatory Inform ation
E uropean/International R egulations
European Labeling in A ccordance with EC D irectives 
H azard Symbols: C 
Risk Phrases:
R 22 Harm ful if  swallowed.
R 34 Causes bum s.
R 42/43 M ay cause sensitization by inhalation and skin contact. 
Safety Phrases:
S 22 Do not breathe dust.
S 26 In case o f contact w ith eyes, rinse im m ediately w ith plenty of 
water and seek m edical advice.
S 36/37/39 W ear suitable protective clothing, gloves and eye/face 
protection.
S 45 In case o f accident or if  you feel unwell, seek m edical advice 
im m ediately (show the label where possible).
W G K  (W ater D anger/Protection)
C A S# 108-31-6: 1 
Canada
CA S# 108-31-6 is listed on Canada's DSL List
US Federal
TSCA
CA S# 108-31-6 is listed on the TSCA Inventory.
Section 16 - Other Inform ation
Maleic Anydride
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MSDS Creation Date: 11/21/2001  
Revision # 0  Date Original.
Maleic Anydride
University of Surrey
Guildford
Centre for
Environmental
Strategy
Dianne Carter
36-Month Report 
01.04.0 6-01.10.06
“Towards Sustainable Design and Manufacture of 
Textile Flooring Products”
Abstract
The EngD project is looking at more sustainable flooring solutions in the context of 
Interface’s goal to be a sustainable company by 2020.
Success has been in introducing renewable content into the current textile-flooring 
product. In a previous report (Carter, 2004) the introduction of recycled filler into 
the tile backing has shown that the Graphlex backing system can incorporate 
recycled material up to 67 wt%.
An innovation project Pour-A-Flor (PAF) was described and an initial investigation 
was conducted into the possibility of using a bio-resin within this concept. The 
preliminary investigation focused on measuring and then reducing the curing time 
of the resin.
The 32-month discussed other ways in which this resin system could be used 
within IntefaceFLOR. It was concluded that there were a number o f ways in which 
this system may be used, whilst still heading for the goal of sustainability.
The investigation o f the resin began with preliminary tensile tests to examine the 
effect of change o f processing parameters on mechanical properties. These tests 
were designed as proxy tests.
In order to conclude if  these results are indicative of performance in service they 
must be compared with results from flooring tests. Therefore the experimental 
results were compared with two extremes of performance tested in flooring tests. It 
was concluded that the tensile tests could provide some indication o f flooring test 
results.
The experimental methods used in assessing the material properties of the ELO 
resin are described in this report. There are differences in characteristics observed 
due to manufacturing differences
The further work section describes in detail the work to be undertaken in the next 
twelve months, including the flooring tests. There is also a Gantt chart showing up 
to the 40-month reporting period.
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1 Introduction
1.1 Summary of Work Described in the 32-Month Report
The bio-resin was first described in the 18-month report. It was introduced as a 
system that may be used for the Pour-A-Flor (PAF) concept. A major component 
o f the resin is epoxidised linseed oil. It is cross-linked with a di-acid in order to 
cure. Although this can occur at room temperature, the time to cure is greatly 
reduced by elevated temperature (Carter, 2005).
The 24-month report described other ways in which this resin may be used at 
InterfaceFLOR.
The report described the manufacturing process for linoleum and compared the 
curing process of the two products, the bio-resin and linoleum. There are other 
factors that may be considered such as material properties, use in service, costs etc. 
However, the report focused on the curing process as it showed that the bio-resin 
technology is novel and distinct. The curing time exhibited for linoleum is simply 
not feasible for a concept such as PAF.
The manufacture of a PVC-backed carpet tile was also described in order to 
understand how the two processes differ, especially within manufacturing time 
constraints. This manufacturing process is also described in order to evaluate if the 
bio-resin may be used within the current process ideally with few modifications.
The experimental techniques used to assess the Young’s Modulus, nominal strain 
to failure and nominal peak stress of the bio-resin were also described.
1.2 Project Direction in the Current Reporting Period
The purpose of the tensile tests was to determine the effect on mechanical 
properties of altering the processing parameters. It was theorised that the 
mechanical properties are related to the performance in service. Therefore these 
tests could be used as proxy tests, using much less material and being faster to 
perform.
This report describes the investigation of the effect o f individually changing molar 
ratio, cure temperature and cure time. These experiments are designed to show the 
effect of changing one processing parameter, whilst all others remain the same.
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This report also describes the results o f flooring tests on two samples that are 
compared to the Interlock sample- an InterfaceFLOR product manufactured from 
PVC currently in use. The results from the tensile tests and the flooring tests are 
then compared.
It was previously decided at the 24-month report that fillers could be advantageous 
in the manufacture of the resin product for a number of reasons, including reducing 
cost and altering properties further.
This report also describes an investigation into the waste streams currently being 
produced by InterfaceFLOR. The purpose of this investigation is to assess whether 
any o f the waste streams being produced are viable as a filler for the PAF system.
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2 Waste as Filler
2.1 Introduction
The main focus of this project has become the investigation of the Pour-A-Flor 
(PAF) system which is described further in Chapter 4. As part of this investigation, 
renewable fillers are being considered. This is in order to reduce both the 
environmental and economic impact of the product.
For consideration as filler for the PAF system a material must fulfil a number of 
criteria. These restrictions have been determined with the experience of dealing 
with the PAF system and recycled filler (Carter, 2005). It must:
•  Be compatible with the constituents o f the PAF system, i.e. it should be 
inert
•  Be of small particle size (length less than 150 pm) to be homogeneously 
mixed in the material and applied using the PAF delivery system
• Be of low cost, i.e. pence per tonne
•  Be readily available in large quantities
•  Cause no harm to the environment- preferably being beneficial from a life 
cycle analysis point of view
It would be advantageous if  the filler were bio-degradable at end-of-life or easily 
removed from the PAF system for recycling. The purpose of this chapter is to 
investigate the waste streams of InterfaceFLOR with a view to assessing whether 
the constituents could be used in the PAF system.
2.2 Closing the Loop
Previous reports at 6 , 12  and 36 months have described the manufacturing process 
at InterfaceFLOR. These showed that the manufacture of a carpet tile was energy 
intensive and used a variety of materials. The current inputs include nylon, fibre- 
glass and bitumen.
As well as investigating alternative materials, InterfaceFLOR has committed itself 
to ‘closing the loop’- one of the principles adopted as part of the ‘Natural Step’ 
programme (Forum for the Future/ The Natural Step, 2006).
This involves changing from a linear manufacturing process o f take-make-waste 
and adopting a cyclical process, which imitates that used by nature. In this system, 
the waste from one process becomes the input of another process and so material 
continues to be converted into useful product.
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Practically, this becomes more difficult as the ease o f recycling materials varies 
considerably. For example, some thermoplastics, such as polypropylene, can 
simply be melted and reformed for further use. However thermosets are 
intrinsically much more difficult to recycle as they need to be chemically 
disassembled into monomers first. This is an energy and chemical-intensive 
process. The monomers can then be re-joined to re-form the polymer in a useful 
guise (Society o f Plastics Engineers, 2004). Some polymer chains will degrade 
during the recycling process, resulting in a progressively lower product with each 
cycle.
Often, impurities will be introduced when recycling material. This is a problem for 
industries that require a product of consistent standard and where impurities can be 
detrimental to performance. The impurities may be diluted with the addition of 
virgin raw material, as happens in the production of steel (Corns, 2006).
Therefore, the decision whether to recycle a material is actually a complex one.
The Natural Step describes a range of factors that must be considered when 
determining how to ‘close the loop’:
•  “Reuse o f products, and product durability to enhance longevity, are of 
course the most resource-efficient first steps, and only then should recycling 
be considered.
•  Recycling o f many materials is theoretically feasible through physical, 
chemical (remelting or recovery), feedstock recovery and other forms of 
closed loops. The less complex the cycle, the more resource-efficient the 
outcome. Using PVC as an example, many such recycling loops are already 
in operation in Germany (the windows industry), in the UK (bottle 
remanufacture), in Denmark (cable recycling), within manufacturing 
plants, and at pilot scale for other applications.
•  Reformulation o f products may be helpful, or indeed essential, to ensure 
that additives do not inhibit closed loops.
• Recycling should always aim to result in a material o f as near to the quality 
of virgin product as possible. Where this is not possible, recyclate use in 
lower-quality products (i.e. plastic road cones or garden furniture, or wood 
fragments reused as chipboard) may provide an effective route to increase 
the number o f cycles a material can make. Where possible, durable 
products (underground pipes, etc) should constitute the final recyclate to 
maximise overall longevity.
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•  T h e  c h e m ic a l  o r  p h y s ic a l  p r o p e r t ie s  o f  m a te r ia ls  s h o u ld  b e  e x p lo i te d  to  
in c r e a s e  th e  a u to m a tio n  o f  so r tin g  o f  w a ste . P r a c tic a l  e x a m p le s  o f  th is  in  
o p e ra tio n  to d a y  in c lu d in g  m a g n e tis m  in  f e r r o u s  m e ta ls , d e te c t io n  o f  
c h lo r in e  a to m s  in  P V C  u s in g  X - r a y  f lu o r e s c e n c e ,  a n d  d i ffe r e n tia l  
c e n tr i fu g a tio n  e x p lo i tin g  d i f fe r e n c e s  in th e  d e n s i ty  o f  d i f fe r e n t  ty p e s  o f  
n y lo n  f ib r e s .  ” (Stepping Stones, no. 37, 200)
In order to apply these concepts to InterfaceFLOR, the inputs and outputs o f the 
business m ust be assessed.
2.3 InterfaceFLOR
2.3.1 Product
InterfaceFLO R in the UK m anufactures carpet tile from  petrochem icals, glass and 
lim estone. There are two types o f backing system s m anufactured in the UK, the 
G raphlex and G lasbac system s illustrated below.
v fw
Pile made according 
to the moat modern 
totting techniques
Coating
DouEie i-ayer of 
bittxnen and 
polymers
Double layer ot llbre 
glass
Non-wovan polypropylene 
backing
Figure 1. Illustration o f Graphlex backing system (Interface Europe, Backing 
Systems, 2003)
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Fusion implanted 
textile surface
Secondary layers in 
thermoplastic rosins
Main composite in 
thermoplastic resins
Double layer of 
fibre glass
Figure 2. Illustration o f GlasBac backing system (Interface Europe, Backing 
Systems, 2003)
The Graphlex system is a carbon polym erised com posite, incorporating layers o f 
fibreglass. It contains, by weight, 3 % fibreglass, 1-2 % fleece and over 95 % 
bitum en mix (33 % pre-m odified bitum en and 67 % filler). The bitum en mix is 
applied as a m elt and allow ed to set on cooling.
The G lasbac system is a therm oplastic com posite that again incorporates fibreglass 
for dim ensional stability. H ow ever the prim ary backing constituent is based on 
plasticized and filled polyvinyl chloride (PVC). It is applied at am bient tem perature 
and heated to cure.
A full description o f the m anufacturing process can be found in the 6 month report.
Even though the com pany has applied effort to ‘closing the loop’ InterfaceFLOR 
has not fundam entally changed the product. There is now how ever less material 
required to m anufacture the product than previously. This has been an increm ental 
change year-on-year and a gradual evolutionary process. It w ould be prudent to 
analyse how the inputs and outputs o f the process have changed since the drive for 
sustainability began in 1994.
It is worth noting that some o f the raw m aterials delivered to InterfaceFLO R give 
rise to a separate waste stream  o f packaging, as well as the waste produced from  
the actual m anufacturing process. These will be considered separately.
290
2.3.2 Inputs
2.3.2.1 Introduction
The raw materials for carpet tile manufacturing come from a number of sources. 
Since we are considering material for use as filler in the PAF system, only the 
material that enters InterfaceFLOR will be considered; from factory gate to gate. 
Therefore, a summary of material inputs is shown below.
Coating
Tufting
Filler
Pro d u c t
Packaging
Fibre g lass
Bitumen or PVC
Prim ary backing
Polypropylene backingYarn Pre-coat S eco n d ary  backing
Sales
Figure 3. Summary of inputs entering InterfaceFLOR product
This is not a conclusive description o f everything that enters InterfaceFLOR, but 
recognises main material inputs. There are other inputs such as paper, stationery, 
canteen food etc, but only the industrial processes that give rise to the product are 
considered here for simplicity as they are produced in the greatest volumes and at 
greatest cost.
Each input is considered individually in order to assess the likely waste streams 
arising from their use. There are other sources of waste during manufacturing, but 
these are considered in section 2.3.3.
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2.3.2.2 Primary Backing
The polyethylene tetrephthalate (PET) primary backing will arrive at the Craigavon 
manufacturing facility via road transport. There will be long rolls o f material that 
are packaged for protection from the environment. Each roll has a central core of 
card which is sent back to the manufacturer for re-use. This fulfils the first o f the 
principles suggested by the Natural Step (Stepping Stones, No. 37, 2000).
Excess plastic packaging will be sent for recycling using a simple melting process. 
Around 8 tonnes of polythene packaging was recycled in 2005 (Bauer, 2006). 
Hence there is no spare waste in the introduction of the primary backing system 
available for use as filler.
2.3.2.3 Yarn
Yam will arrive for tufting to the Craigavon manufacturing site. The yam will be 
packaged together on cones in cardboard boxes. The boxes are sent for recycling, 
along with other cardboard waste at a cost o f £40/ tonne. In 2005,134 tonnes of 
cardboard packaging from all UK sites were recycled (Robinson, 2006).
The cones are often wound into smaller batches for design samples. This leaves a 
residual amount of yam on the cones. This is often re-spun for use in further 
production or alternatively may be slit off o f the cone. This leaves short yam pieces 
that are then sold for use in blankets and bedding.
In 2005,54 tonnes of yam were sent for reuse in other products outside 
InterfaceFLOR, whilst 74 tonnes were re-blended and used for other purposes 
(Bauer, 2006).
The cardboard cones remaining after the material has been spun are shredded and 
then sold. The cardboard is o f low quality as it has already been through a number 
o f life cycles. The fibres are short and therefore the material is used only in the 
manufacture of egg boxes (Robinson, 2006).
The introduction of the yam gives rise to a number of waste streams, all o f which 
are being used currently. However, it is worth noting the smaller pieces of 
cardboard are readily available in large quantities.
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If we consider the qualities required from the filler then the cardboard cones come 
close to fulfilling those properties. It is inert, readily available and will bio-degrade. 
The pieces of material are too large at present however and would require further 
processing. In addition, the cardboard is likely to absorb much o f the moisture in 
the system, which may be detrimental. Further investigation of the cardboard is 
warranted.
2.3.2.4 Filler
The filler used for the backing system has historically been virgin limestone. This 
is being replaced with recycled filler. The material is delivered in tankers that are 
re-used for each delivery. In this way, the use o f the filler is helping to close the 
loop. It will use a waste stream from another production process, whilst reusing the 
packaging each time.
The filler is stored, sieved and heated on-site. There are some larger particles left 
over from the sieving process, which are then ground and put back in to the system.
The use o f the filler therefore is a good example of closing the loop, but does not 
provide a spare waste stream for use in PAF.
2.3.2.5 Bitumen or PVC
The bitumen is delivered via tanker and stored in large heated containers prior to 
use. The PVC is delivered in the same way, but it will be mixed and stored in cool 
plastic containers prior to use. The plastic containers are re-used on-site for each 
PVC batch.
At the beginning and end of each day, the processing line may be stopped. When 
this occurs there is some material that becomes hard and unusable. This material is 
removed from the processing line mechanically and may be sent to landfill. 
However, there is only a few kilograms o f this material produced daily. Therefore 
it is not a viable source for filler.
2.3.2.6 Fibreglass
Fibreglass is used in conjunction with the bitumen or PVC to create the secondary 
backing. It will arrive on large rolls, similar to the primary backing. Some of these 
rolls are shown prior to processing below.
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Figure 4. Rolls o f fibreglass being used for processing
The fibreglass is delivered and stored in a sim ilar way to the prim ary backing. 
Again there is little waste associated w ith this input.
2.3.2.7 Polypropylene Backing
This is the black roll that can be seen in the diagram  above. This produces sim ilar 
wastes to the prim ary backing.
2.3.2.8 Packaging
InterfaceFLO R uses cardboard packaging for its tile boxes. This uses an autom ated 
system  that is both efficient and reduced m anual handling.
The cardboard boxes will be tied to a pallet for delivery. The ties are m anufactured 
from  a durable therm oset that is not easily recycled and are therefore sent to 
landfill. However, the ties are long, difficult to handle and few in number. 
Therefore they are not suitable for use as filler in PAF.
The pallets are sent back to the m anufacturer after use. Pallets are used throughout 
InterfaceFLO R to store m aterial and product. There were 16 tonnes o f pallets 
recycled in 2005 (Bauer, 2006).
2.3.3 Production
2.3.3.1 Introduction
There are a num ber o f waste stream s that arise due to the m anufacturing process at 
InterfaceFLOR. These are considered separately as they are often a m ixture o f 
m aterials and have more com plicated disposal routes.
294
2.3.3.2 Pleated Paper
This has not been considered as a raw material input as it is not used in the final 
product. Large rolls o f paper are used in the fusion bonding process. Y am  is 
pleated with the paper- much like a fan. It is then bonded to the prim ary backing 
system. The paper is then rem oved and the yam  slit. As the creases are detrim ental 
during further processing, the pleated paper that rem ains may only be used once.
The m aterial is then sent back to the m anufacturers for recycling. N early 76 tonnes 
o f pleated paper had to be recycled last year (Bauer, 2006).
The paper is available in large rolls and there is currently no facility for shredding 
or granulating such large volumes. This paper may be worthy o f further 
investigation.
2.3.3.3 Edge and Window Waste
Rolls o f m aterial are produced by InterfaceFLO R that are then cut into carpet tiles. 
The cutting process can be seen in the photograph below.
Figure 5. Photograph showing rolls o f material being cut into tiles
This cutting process creates waste m aterial between the tiles cut out that is term ed 
‘w indow  w aste’. This can be clearly seen on the photograph as a strip o f m aterial 
being rem oved from  the yellow roller, shown by the red arrow. There is also waste 
m aterial created at the edge o f the rolls called ‘edge w aste’.
This material is o f the same com position as the finished carpet tile, i.e. a mix o f 
bitum en, fibreglass, nylon, filler etc. It is difficult to reuse the m aterial in its 
present form. It is also extrem ely difficult to separate the constituents.
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Because of this, when considering closing the loop, InterfaceFLOR is investigating 
the reformulation o f the product in line with the Natural Step guidelines. Most of 
this work has been in partnership with the University of York and Crystal Faraday. 
It is investigating the use of a ‘switcheable adhesive’ in order to separate the 
components o f the flooring at end of life (Shuttleworth; 2006).
The material has historically been sent to landfill, although the material has 
gradually been reduced as efficiency procedures have come into place. This has 
contributed to the current figure of 900 tonnes of material sent to landfill per 
annum- at an ever-increasing cost (Bauer, 2006).
There has been investigation into using this waste material as filler in the current 
product. The material would be ground and then returned to the backing system. It 
is likely that this project will be undertaken in the near future and that this source 
o f waste will be removed.
This material could be considered as filler for PAF. However, it would be a barrier 
to the bio-degrading of the system. This waste stream is worthy o f further 
investigation, once the grinding process is in place.
2.3.4 Re:Entry
Although not strictly a waste product produced at InterfaceFLOR, it is worth noting 
what happens to the carpet tiles sold at end-of-life.
The business would take back the flooring and either re-use or recycle the material. 
Re-using involves cleaning the tiles thoroughly and may involve re-dyeing the 
surface yam to keep in with current fashion trends. The backing may also need to 
be renovated in order to restore the impact resistance of the flooring. These 
Re:Entry products are currently donated to non-profit organisations 
(InterfaceFLOR, 2006).
There are however a number of carpet tiles that cannot be refurbished in this 
manner. This could be used in the same way as the edge or window waste
2.4 Conclusion
It has been noted that InterfaceFLOR has been focused on reducing the waste 
produced by their manufacturing process. This has been highly successful and 
produced cost-savings. It is also obvious that waste-saving has become part o f the 
ethos of the business and it is attempted at every level.
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It is worth noting that the more waste there is in a production process, then 
generally the greater the cost o f production. This has been shown by Interface Inc. 
as they claim to have avoided costs o f $299 million through the process of waste 
elimination (Interfacesustainability.com).
‘Closing the loop’ has been less successful thus far, although it is obvious that 
reducing waste is a simpler process than redesigning product and organising take- 
back. However, it should be noted that there are innovative projects being 
undertaken that are addressing this problem, such as ‘switheable adhesives’ 
(Shuttleworth, 2006).
The waste streams have been investigated and it can be concluded that there are 
some materials that are worthy of a further scoping exercise- such as the cardboard 
cones, pleated paper, edge and window waste. These will be assessed in the next 
part of the PAF investigation.
As such, there is no obvious waste-stream that is available in sufficient quantities 
and with the correct properties that can be used for PAF at the current time. There 
may be other opportunities in the future when the type o f processing may change 
and alternative waste streams become available. Therefore it is important that 
waste streams continue to be monitored and assessed on a regular basis.
There are also waste streams that arise as part of other industries that may be useful 
as fillers. These may be investigated further as part o f the PAF project.
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3. The Investigation o f a Resin Based on Renewable 
Resources
3.1 Introduction
InterfaceFLOR has committed to it’s ‘mission zero’ to ‘eliminate any negative 
impact out companies may have on the environment by the year 2020’ (Interface, 
2006). As part o f this, there have been incremental achievements in reducing waste, 
creating benign emissions, purchasing green electricity etc. This has been a gradual 
process of evolution rather than revolution.
In conjunction with this approach, InterfaceFLOR has been tackling innovative 
projects that will yield longer term results. One such project is the PAF concept, 
described in the 24-month report (Carter, pp 20- 32, 2005). This concept introduced 
a resin based on renewable resources.
This resin is based on a epoxidised linseed oil (ELO) (figure 1) and cross-linker 
(figure 2) that will form a network as the system cures. The resulting polymer is 
shown in figure 3.
Figure 1. Simplified chemical structure of ELO
Figure 2. Cross-linker formed by heating dipropylene glycol in the presence o f  
maleic anhydride
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Figure 3. Cross-linker and ELO react to form, polymer
With a molar ratio of diacid: ELO of 3:1, theoretically all the epoxide groups of the 
ELO can react with all the acid groups of the cross-linker. With a molar ratio of 
1:1, in theory, all the acid groups of the cross-linker can react with just two epoxide 
groups o f an ELO molecule, resulting in a more flexible polymer.
The initial part of the investigation involved assessing the curing time of the resin 
at room temperature. It was concluded that although the curing time could be 
reduced at room temperature using catalysts, the PAF concept was a long way from 
completion.
Therefore it was proposed that the resin may be used in alternative ways such as 
forming part o f a backing system for carpet tiles or as a replacement for Interlock. 
These concepts are described in the 24-month report (Carter, pp 34- 53, 2006) and 
the 30-month report (Carter, pp 12- 18,2006).
In order to decide if the resin may replace a material already in use, it must be 
deemed ‘fit-for-purpose’, i.e. it must perform as designed in service without undue 
failure. In the particular example of a flooring product it must perform as a stable 
surface, without undue risk to the user. There are other considerations that have 
been discussed in the 24-month report (Carter, pp 49,2005).
Flooring is usually assessed using a large number o f tests, undertaken by 
professional experts, approved and regularly checked to British and International 
Standards. These are time consuming and costly but necessary for commercial 
validation.
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Each test is designed to simulate what may happen to the carpet in use. For 
example colourfastness- to light, rubbing wet and dry, fibre integrity and fibre bind 
for synthetic carpets.
The relationship between material characteristics and flooring performance is not 
yet fully understood. It is clear that harder and stronger materials are more durable 
in service. This is why materials such as varnished wood, ceramics, linoleum and 
nylon are used for flooring products, and rarely materials such as paper, foams and 
cotton.
While the flooring tests are useful in simulating service conditions, there is 
significant cost associated with the regime (Carter, p 28, 2006).
The bio-resin has a number of process parameters in manufacture that may affect 
the performance in service as well as the material characteristics. It is suggested 
that the properties determined from a sample tensile test may highlight differences 
in material characteristics relevant to flooring performance, without requiring a 
large volume of material to undergo testing.
One of the purposes o f this investigation is to assess whether the tensile tests 
suggested as a proxy for the flooring tests are a suitable substitute.
A second part of this investigation is to assess the way in which material properties 
may then be affected by processing parameters such as cross-linker amount, time at 
elevated temperature and temperature.
3.2 Sample Preparation
The samples to be used in the tensile tests are prepared in a manner that is 
consistent and reproducible. The sample preparation is documented carefully. The 
manner in which the samples are prepared for testing is adapted from several 
British Standards.
A disposable compatible container is used to hold the constituents- the ELO and 
the diacid cross-linker. The cross-linker is first placed within a container and the 
mass measured using a calibrated scale- the Mettler PI200, correct to ±0.01 g. The 
ELO is then added to the cross-linker. As it is less viscous than the cross-linker its 
addition is easier to control.
The molar ratio of components required is noted and mass ratio calculated- the 
exact amount added is carefully controlled. It is subsequently used to calculate the 
exact molar ratio of components.
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Any other additions that are required for the mix are added after the main 
components. The components are then well mixed using a magnetic stirrer at 3000 
rpm for 2 minutes. This speed and time were chosen as it has previously been 
shown to provide an effective mix (A and F, 2005). This speed and time were also 
used in previous experiments in which a vegetable dye was added and visual 
inspection suggested that the dye was distributed evenly after 2 minutes of stirring.
The mould to be used is pre-heated in an oven to 5°C above the desired 
temperature. The elevated temperature is required as there is a temperature fall 
when the oven door is opened. The mould is removed, the liquid poured into the 
mould and then replaced in the oven. However, immediately upon returning the 
mould to the oven, the temperature is reset to the desired value with a variance of 
±1 °C. This is set using a calibrated digital control.
After the required amount of time, the mould is removed from the oven and the 
sample is removed. It is placed on a wire rack in order to allow full air circulation 
at room temperature. It is then labelled in the following manner:
00.00/lll/22x/AAA/Y
In this labelling system 00.00 is the molar ratio o f diacid to 1 mole of ELO, 111 is 
the curing temperature in °C, 22x is the curing time in hours or minutes (given by 
x), AAA are available for other additions and Y indicates the sample letter- A, B, C 
etc.
There are no British Standards that describe the conditioning required for this 
particular system. However, there are examples within the standards for other 
plastics and these are used here.
The sample is then left at room temperature for 72 hours. This ensures that any 
resilient processes have completed in accordance with BS EN ISO 1798:1999.
The sample is then cut out using a hand press and cutter specified by BS EN ISO 
1798.
The cut samples are conditioned for 24 hours to ensure that the atmospheric effects 
are the same with each test. A controlled atmosphere is used for traditional carpet 
tests o f 65 ±5 % RH and 20 ±  1 °C. It therefore seems prudent to use this 
conditioning for the samples in each case, as well as testing in this environment.
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For each set o f samples, at least six samples are produced- this is to ensure that 
there are five samples that are suitable for testing, as specified in BS 2846-2:1981 
ISO 2602-1980. The samples are individually labelled in the same manner as 
before and are then ready for testing.
There were a range of samples manufactured for tensile testing, designed to show 
material variation with processing. The temperature o f 150 °C and time of 30 
minutes had been suggested from previous work (A and F, 2005) as the most 
effective for cure of the material.
180 °C was also chosen as this was the temperature at which a backing system is 
cured in InterfaceFLOR. Part of the test was to determine if  the material could be 
cured at a much shorter time than the 30 minutes predicted.
A number o f samples were manufactured with differing
•  Molar ratio of components and cured at 150 °C for 30 minutes
• Cure times at a 2.5:1 molar ratio and cured at 180 °C
• Cure temperatures at a 2.5:1 molar ratio and cured for 30 minutes
3.3 Testing Regime
3.3.1 Tensile Tests
The samples are tested in accordance with BS EN ISO 527-1:1996 BS 2782- 
3:Method 321:1994 ISO 527-1:1993.
“This British Standard describes the determination o f tensile properties o f plastics, 
including general principles. The methods described in this standard are used to 
investigate the tensile behaviour o f the test specimens and for determining the 
tensile strength, tensile modulus and other aspects o f the tensile stress/strain 
relationship under the conditions defined. ”
After cleaning off any loose particles, the central portion of the dumbbell is 
measured across the width and thickness to ±  0.1 mm. Three measurements are 
taken and the arithmetic mean value for the width and thickness calculated. Five 
samples are measured in turn and the results logged.
The gauge length is marked on the samples, approximately equidistant from the 
mid-point, not more than 50 mm ± 1mm apart (EN ISO 1798:1999).
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The test specim en is then clam ped in the Testom etric M icro 350 (figure 4), 
calibrated by UKAS to ISO 5893 and BS EN ISO 7500-1:1999 to grade 0.5, taking 
care to align the longitudinal axis o f the test specim en with the axis o f the testing 
m achine and to set the gauge length correctly.
Figure 4. Testometric Micro 350
The stiffness o f the m achine has been calculated by the m anufacturers and is 
accounted for in the electronic calculation o f the distance m oved by the crosshead.
The test specim en is extended along its m ajor longitudinal axis at a constant speed 
o f 100 mm/m in until the specim en fractures. Any fractures that occur outside the 
gauge length, within 10 mm o f the jaw s or where there is an obvious defect are 
discarded.
A correctly fractured specim en is shown below in figure 5.
Figure 5. Fractured specimen
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The maximum force and elongation is measured electronically using the 
Testometric Micro 350 and a stress-strain graph is produced, much like the diagram 
below.
Limit of
- 1 lineara
elasticity
P lastic range
G radient = E
8
Figure 6. Schematic stress-strain curve
From the graph, the properties o f a y (yield stress) and Emax (maximum strain) can 
then be determined. The Young’s modulus of elasticity is calculated from the stress 
at a strain of 0.0005 and the stress at a strain of 0.0025 (i.e. a secant modulus 
between 0.05 and 0.25% strain). This is given in BS EN ISO 527-1:1996.
These calculations can be completed for each of the samples and the arithmetic 
mean and standard deviation can be found. These results are then tabulated.
3.3.2 Flooring Tests
Flooring can be tested using a variety of methods to assess if  it is ‘fit-for-purpose’. 
These tests are designed to ensure that the customer receives a product that is 
suitable for their needs- often specified through the use of a grading system. The 
grading system for the carpet industry will assign a number which designates the 
level of use that a carpet can undertake in practice- from heavy contract to light 
domestic use.
Certain tests, such as those that were described in the 12-month report (Carter, pp 
31-33,  2004), rely on the expert judgment o f professionally trained assessors 
through visual assessment. One such test is the Vetterman drum test.
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British Standard BS ISO 10361:2000 describes the V etterm an drum  and hexapod 
tum bler tests. They both work on the same principle o f sim ulating the conditions of 
use. The V etterm an drum is a large apparatus that revolves w ith a steel ball inside. 
This ball has rubber feet, designed to fatigue the flooring w hich is lining the inside 
o f  the drum. A circular brush constantly rem oves broken fibres. The apparatus is 
show n below.
Key
1 Extraction of brushed fibres
2 Rubber stud
3  S teel ball
4 Vulcanized-fibre backing sheet
5  Metal drum
6  Circular brush
113131
Figure 7. Diagram of Vetterman drum test
Figure 8. Photograph o f Vetterman drum test
The flooring will then be assessed for changes in appearance and graded.
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The resistance to the application of a static load is important in the flooring 
industry. In the lifetime of a flooring product there are often a number of heavy 
pieces of furniture that will provide a consistent heavy load.
BS 4939:1987, ISO 3416-1986 describes a method of testing designed to measure 
this effect. A known pressure is applied to the sample of flooring, through the use 
o f a heavy load and circular foot for 1 hour. The resulting loss of thickness is 
measured and recorded. The load is then re-applied for a further 23 hours. After the 
load has been removed, the appearance is again assessed.
Electrical resistivity of a sample is measured using the methods described in BS 
6654:1985. This involves the application of an electrode to a sample placed on a 
metal plate. A 550 V load is applied to the sample and the conductivity measured. 
Since electrical resistance is the inverse of conductivity it can be determined.
3.4 Results
3.4.1 Tensile Tests
In each of the graphs shown below, the average of at least five tensile tests is 
shown. There is one standard deviation of the results also shown on the graphs.
Molar ratios were changed and samples cured at 150 °C for 30 minutes. The results 
of the tensile tests are shown below with trendlines:
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Figure 9. Mechanical properties measured as a result o f tensile tests on material 
cured at 150 °C for 30 minutes
Sam ples were m anufacture with a 2.5:1 m olar ratio (diacid:ELO ) and cured for 
differing times at 180 °C. The m echanical properties determ ined from  the tensile 
tests on these sam ples are shown below. Trendlines have been added.
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Figure 10. Mechanical properties measured as a result of tensile tests 
on material with a 2.5:1 molar ratio (diacid:ELO) cured at 180 °C
Sam ples were also m anufactured at the 2.5:1 ratio and cured for 30 m inutes at three 
different tem peratures. The results o f the tensile tests are shown in figure 11, also 
shown with trendlines.
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Figure 11. Mechanical properties measured as a result o f tensile tests 
on material with a 2.5:1 molar ratio (diacid:ELO) cured for 30 
minutes
The sam ples that were tested using the traditional flooring tests were also subjected 
to tensile tests. The results are shown in figure 12
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Figure 12. Mechanical properties measured as a result o f tensile tests 
on material also tested using traditional flooring tests
3.4.2 Flooring Tests
The results o f the static loading, V etterm an drum  and electrical resistance tests are 
tabulated below. They are shown against the test results for an Interlock tile.
310
Test Type Measured Quality 02.00/150/30m/000 01.00/150/30m/000 Interlock
Mass _ 2 g per m 10300 10000 7400
Thickness mm 9.9 10 6.9
Static
loading
Compressibility
(mm)
0.2 0.5 0.4
Depth of marks 
after 1 hr (mm)
0 0 0.1
Visibility of marks 5 5 5
Vetterman Structure 5 5 5
Drum Shade 5 5 5
(5000
Overall change of 
appearance
5 5 5
revolutions) Final rating 5 5 5
Vetterman Structure 4.5 3 5
Drum Shade 4.5 3 5
(22,000
Overall change of 
appearance
4.5 3 5
revolutions) Final rating 4.5 3 5
Electrical
Resistance
Horizontal (MO) >50 >50 20
Vertical (MO) >50 >50 20
Table 1. Results o f flooring tests
3.5 Discussion
3.5.1 Altering Molar Ratio
It can clearly be seen from figure 7 that changing the molar ratio o f components 
has some effect on Young’s Modulus, strain to failure and peak stress.
Theoretically at a molar ratio of 3:1 all the reactive groups have combined to create 
the strongest polymer. This is because the greater the number of cross-links, the 
stronger the polymer will be. There are more bonds to hold the structure together 
that need to be broken in order to destroy it.
However, it can be seen that the nominal peak stress tends to increase and then 
decrease with a peak at a ratio of diacid: ELO of approximately 2:1. There is a 
similar trend observed for the Young’s Modulus with a peak occurring at a ratio of 
approximately 2:1 followed by a sharp fall.
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This peak can be explained if we consider the mobility of the components. In order 
for the reactive groups to combine, they must first meet. If the reaction occurs, then 
a solid polymer begins to form. As more polymer forms, the viscosity of the system 
increases. As the viscosity increases, the mobility of the components decreases and 
therefore there is less likelihood that the reactive groups can meet and combine 
further.
At 150 °C for 30 minutes there will be a finite amount of energy available to the 
system. The more diacid there is available for cross-linking, the greater the 
likelihood that an individual reaction will occur and the greater the amount of 
cross-linking. If there are more cross-links in one system than another, it will have 
a greater Young’s Modulus and peak stress. This is because there is more force 
required to stretch and break these bonds.
However, there comes a finite point beyond which the mobility of the reactants is 
restricted and no further reactions can occur. Beyond this point, there will be 
excess diacid in the system. It is theorised that this will then act as a plasticizer and 
fill the gaps left by the cross-linking process. This is shown by the decrease in 
Young’s Modulus and peak stress beyond the 2:1 ratio.
It can also be seen that the strain to failure increases dramatically and then 
increases at a lesser rate as the molar ratio increases. It is theorised that the strain 
would increase in line with the Young’s Modulus and peak stress as the number of 
cross-links increases. However, beyond the 2:1 ratio it is theorised that the number 
of bonds does not increase.
If the excess diacid does act as a plasticizer, then this would explain the continued 
increase in strain to failure. The bonded polymer can continue to stretch around the 
plasticizer as it also deforms upon the application o f a force.
3.5.2 Altering Cure Time
Figure 10 shows that at 180 °C increasing the cure time has a dramatic effect on 
Young’s Modulus. However, there is much less effect seen on the peak stress and 
strain to failure.
The two components are mobile in the liquid form and must meet to for the 
reactive groups to combine. When this occurs, a solid polymer is formed. This 
causes the liquid to be more viscous and therefore the remainder of the reactive 
groups are less mobile as reaction time continues.
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It was observed that the material was solid after 5 minutes conditioning at 180 °C. 
Beyond these five minutes it is theorised that the reactants are not sufficiently 
mobile to create any new cross-links between independent molecules.
However, energy is continuously added to the system. This energy cannot be used 
for mobility and may be used by the system in other ways, such as increasing the 
number of cross-links with neighbouring molecules and therefore increasing the 
stress required to fracture this system.
The peak stress continues to increase gradually with time, whereas strain to failure 
remains relatively stable. It is theorised that this is because the strain will not 
increase any further with additional cross-linking.
It has already been shown that the peak stress and Young’s Modulus at 150 °C for 
30 minutes occurs at a 2:1 ratio. Therefore it is theorised that there is excess diacid 
in this system. With the energy input this excess may react further with the ELO, 
although there is a lack of mobility restricting these reactions.
There is a plateau in the Young’s Modulus that occurs after 20 minutes. It may be 
that beyond this time there are no further reactions that can occur as neighbouring 
molecules have reacted as fully as they are able. Therefore the stiffness will not 
increase further.
3.5.3 Altering Cure Temperature
Figure 11 shows the effect o f altering cure temperature on mechanical properties. It 
can be seen from this graph that there is little change in peak stress with an increase 
in temperature. There is also little change in the strain to failure. However,
Young’s Modulus falls slightly with an increase in temperature.
It was shown by the previous experiments that at 180 °C the system had become 
solid. Therefore it is theorised that at these cure temperatures the systems would 
also have been cured at times much less than 30 minutes. Therefore the mobile 
reactants have created the finite amount of cross-links available to the molecules.
However, at greater temperatures, with excess diacid, it is theorised that there are a 
greater number of reactions that become available. If a greater number of reactions 
are possible, then the material will become more viscous more quickly and the 
mobility will be lost.
The excess diacid may also react with individual ELO molecules, creating shorter 
chain molecules and a less stiff structure. This would explain the slight drop in 
Young’s Modulus, with little effect on the peak stress.
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3.5.4 Flooring Tests
The results from the flooring tests shown in table 1 can be compared with the 
tensile test results shown in figure 12. The tests show the comparison between two 
resins cured at 150 °C for 30 minutes with different molar ratios (2:1 and 1:1) and 
Interlock- an InterfaceFLOR product.
It can clearly be seen that Interlock has a much higher Young’s Modulus, peak 
stress and strain to failure than the resin samples. The 2:1 molar ratio also has 
appreciably higher properties than the 1:1 molar ratio.
It was therefore expected that the Interlock sample would perform significantly 
better in the flooring tests than the resin sample.
However, it can be seen from table 1 that both the 2:1 molar ratio and Interlock 
perform well, achieving a level 5 (the top score) in a number o f categories. All 
samples performed well in the static loading test, with the 1:1 molar ratio suffering 
the greatest indent o f 0.5 mm.
The 1:1 molar ratio achieved a 3 grading on the Vetterman drum test, in 
comparison to the 5 achieved by the Interlock sample and the 4.5 achieved by the 
2:1 molar ratio.
Given that the mechanical properties were so dissimilar, it is unexpected that the 
2:1 molar ratio and Interlock would perform so similarly. However, in the example 
of these tests it can be seen that the 2:1 molar ratio is ‘fit-for-purpose’ and would 
be passed as a level 4.5. Therefore it may be surmised that the Interlock sample 
was over-designed.
3.6 Conclusion
It has been seen that changing the molar ratio of components does affect the 
mechanical properties of the resin. Strain increases with increasing molar ratio, 
whereas the Young’s Modulus and peak strain peak at the 2:1 molar ratio 
(diacid:ELO).
From the discussion of results it may be concluded that plasticizers could be of use 
in this system to increase the strain to failure.
It has also been shown that increasing cure time will have a dramatic effect on 
Young’s Modulus, but less so on peak stress and strain to failure. This may be 
because of the cross-linking mechanisms that are available for this reaction.
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It can be concluded that the resin cures at elevated temperature in a much shorter 
time than the 30 minutes originally predicted. This may be o f value when 
considering other processing routes for this system.
Altering the cure temperature during a 30 minute cure time has little effect on the 
mechanical properties. However, it is possible that the material cures in a much 
faster time. This is certainly worthy o f further investigation.
It is still debatable whether a greater Young’s Modulus, peak stress or strain to 
failure would be more beneficial for a flooring product. It is anticipated that a 
combination o f both would be preferable and this has been shown by the 
preliminary flooring tests.
It is recommended that during next stage o f this investigation samples are used in 
flooring trials, i.e. they are placed as a flooring product in-situ. This would lend 
some credence to the flooring tests. It would also be prudent to trial a range of 
samples and compare these results to the mechanical testing to further vindicate the 
choice of these tests.
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3. Further Work
The remainder o f this project time will be spent compiling the results from this 
investigation and assembling them together in a structured thesis document.
The floor trials o f the ELO system will be complete in May 2007. The results will 
then be documented and discussed to be included in the thesis.
Light fastness tests will be conducted on some of the material used in the floor 
trials, both with and without recycled filler. This will be concluded by the end of 
April 2007.
As an addition to this project, a series of presentations is also being conducted to 
key stakeholders in this project. This is supported by a series of informative guides 
to the presentations which are distributed before the event. The aim of these 
presentations is to obtain constructive feedback and seek a determined route for 
this project at the end of the period.
316
2007
Ju l Aug S ep  O ct Nov Dec J a n  Feb Mar Apr May J u n  Ju l Aug S ep  Oct Nov
2006
Activity
O btain ELO
O btain m o u ld s
L iterature s e a rc h
Renewable fillers
M anufacture  te s t  sam p les
M aterials T es tin g
R ank M aterials
Flooring T e s ts
R ep o rt
C o n fe ren ce  P a p e rs
Portfolio A dditions
D
GRADSchooi Financial Communications 
Management Management
C o u rse s
t -■ .1 G3
Final Progress Report Alteration;
R ep o rts
Portfolio Submission Re-si
Viva Voce
Figure 1. Gantt Chart for next 12-month period
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Dianne Carter
42-Month Report 
01.10.0 6-01.04.07
“Towards Sustainable Design and Manufacture of 
Textile Flooring Products”
A bstract
The EngD project is looking at more sustainable flooring solutions within the 
context o f InterfaceFLOR’s goal to be a sustainable company by 2020.
Success has been in introducing renewable content into the current textile-flooring 
product. In a previous report (Carter, 2004), the introduction of recycled filler into 
the tile backing has shown that the Graphlex backing system can incorporate 
recycled material up to 67 wt%.
A resin system has been introduced based on epoxidised linseed oil (ELO). The 
investigation of the ELO system is described in the appendix to this report. The 
scoping exercise which involved altering processing parameters and recording 
change in material properties is described. The material has also undergone 
flooring tests, described in the paper, and the results are compared to those from 
the mechanical tests. An edited version o f this paper will be submitted to the 
Journal of Industrial Crops and Processes in April 2007.
Samples of the ELO system have undergone standard flooring industry tests which 
have been described in the 36-month report. Further validation of these tests is 
being undertaken through the use of flooring trials, described in this report.
The further work section describes in detail the work to be undertaken in the next 6 
months o f this project. This section also includes a Gantt chart.
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1 Introduction
1.1 Objectives of the Project in the Current Reporting Period
The EngD project has led to the investigation o f a resin system based on epoxidised 
linseed oil (ELO). This preliminary investigation o f this system has been described 
in the 36-month report.
The report described the results from factoral variation of molar ratio, cure 
temperature and cure time. These experiments were designed to show the effect of 
changing one processing parameter, whilst all others remained constant.
The 36-month report also described the results o f flooring tests on two samples that 
were compared to a 100% PVC product manufactured by InterfaceFLOR. The 
results from the tensile tests and the flooring tests were then compared.
Planned work for the six month period from month 36 to 42 would be focussed on 
conducting further flooring trials. The purpose of these trials was to compare the 
predicted results from the standard industry tests with in-situ testing which is often 
conducted in the flooring industry.
1.2 Report on Progress since Month 36
The results from the work conducted up to the 36-month report on the ELO system 
are described in Appendix A. This includes a description of the tensile tests 
conducted on the material and indicative tests used in the flooring industry for 
comparison. An edited version of this report is due for submission to the Journal of 
Industrial Crops and Processes in April 2007.
The flooring trials are described in Chapter 2. Samples are secured in a high-traffic 
environment and documented on a monthly basis. These trials commenced in 
November 2006 and are due for completion in May 2007.
Chapter 2 also includes a description of the inspection method used on these 
samples on a monthly basis. This includes visual inspection and a description of 
colour measurement.
Chapter 3 describes the remaining experimental work to be conducted for this 
project as well as the reporting to be completed.
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2. Flooring Trials
2.1 Introduction
W hen new flooring products are constructed, i.e. with new yam  constructions, 
backing system s or surface material, they are com prehensively tested to ensure that 
they m eet industry quality standards. This w ill involve com pleting the full regim e 
o f flooring tests that have been described in previous reports (Carter, 2005, Carter, 
2006). The flooring product w ill also be subjected to in-situ testing in a high traffic 
area in order to verify the perform ance predicted in practice by the flooring tests. 
An area o f floor used to assess these flooring trials at InterfaceFLOR is shown in 
the photograph below. Here many different types o f carpet tile are placed together, 
tested and assessed.
Figure 1. Flooring trial area
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Any other new flooring, such as the ELO resin system, will have to undergo similar 
testing procedures. The ELO samples were manufactured and needed to be secured 
in place, surrounded by a material o f similar height and characteristics such as 
vinyl and linoleum in order to minimise health and safety risk. The samples were 
cut using a standard press and a relief cut from samples of linoleum. Linoleum of  
similar thickness to the ELO system was chosen. Both the ELO samples and the 
linoleum were secured using the same adhesive.
It was important during the testing period that some measure could be made of the 
performance of the material. There were several potential methods explored. For 
example, samples could be lifted and their mass and thickness measured after a set 
period of time. However, it would not be practical to remove the samples because 
the removal would likely damage both the sample and the adhesive.
The dimensions o f the samples were documented thoroughly before the trial began. 
The mass of the samples along with the average width was measured; this is 
described in section 2.1. The flooring tests performed on the samples indicated that 
a large amount of mass and/or thickness was not lost during the testing cycle. There 
is a possibility these measurements o f mass and thickness lost may be redundant, 
but it is important that they are recorded to verify this. The sample dimensions will 
also be documented after the trials are complete for comparison purposes.
Methods of non-pertubative, in-situ measurement were then considered. A visual 
inspection recorded with photography on a monthly basis, was undertaken. This is 
described in more detail in section 2.3.
In addition to visual assessment, the colour of the samples was measured. It was 
predicted that the colour of the samples would vary with time as there may be 
damage to the material and colour change as the material ages. The sample colour 
is homogeneous throughout the thickness and therefore removing material should 
not affect the colour. The samples are subjected to continuous foot-traffic and 
cleaning cycles on a daily basis. The large particles o f loose soil could be picked up 
by the vacuuming process, although some smaller soil particles could remain. This 
would change the colour of the samples, in the same way as carpet retains soil over 
time. The purpose of the colour measurement, described in section 2.4, is to detect 
this difference. This would also be verified by visual assessment. Signs of soil 
include darkening or lightening of areas o f the samples and prints resulting from 
traffic.
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2.2 Method
During the manufacturing process of the ELO system, one surface of the sample 
was in contact with the metal container used to hold the sample, whilst the other 
surface was exposed to the air. When recycled filler was used in the samples, to 
provide bulk at low cost, there was invariably a small amount of air incorporated 
into the samples. Despite efforts to minimise this through careful mixing, some air 
remained. As they were viscous, despite the addition of heat during the curing 
cycle which would normally reduce the viscosity o f the system, there were some 
air bubbles that remained. They could evaporate at the surface, but they remained 
at the surface in contact with the metal container, observed through visual 
inspection. Therefore the two surfaces were compared separately.
The samples were glued to the floor with an adhesive and will be removed at the 
end of the testing period. They were cut using a standard press and set in a 
linoleum surround. Linoleum has been used as a surround as it is o f similar 
thickness to the ELO system and readily available. The sample size was also 
chosen to have a diameter o f 140 mm as this would be large enough to exhibit 
visual signs o f differences in performance as well as provide a large enough size 
for colour measurement.
The samples were placed in the same high traffic environment as other flooring 
products under test. The completed area is shown below.
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Figure 2. Trial area o f ELO system samples, with PVC samples shown to the 
right
PVC samples are also included in this trial as com parison samples. They were used 
as a standard in the flooring tests and the tensile tests and therefore it is appropriate 
to use them again as a standard.
The samples are then assessed on a m onthly basis. As previously stated, 
photography is one method that is used to capture change in visual appearance o f 
the samples and this is described below.
2.3 Photography
2.3.1 Introduction
Photography is a useful tool in visual assessm ent. This ensures that a consistent 
record can be kept o f any visual assessm ent made. It is norm al practice in the 
carpet industry to grade samples using visual assessm ent. For this project it is also 
useful to have some measure o f those visual assessm ents and therefore 
photography is used.
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2.3.2 Method
On a m onthly basis, at the same time as the colour m easurem ents are taken, 
described in section 2.4, photographs o f the samples are taken. Each sample is 
photographed individually using a K odak Easy Share DX 7630 and a Schneider- 
K reuznach lense in close-up mode. Each picture is recorded using 6 m egapixels. 
The photographs are taken at an angle o f approxim ately 70° to the horizontal, in 
order to reduce the specular reflection from  am bient lighting on the sample, which 
may in turn m ask im perfection on the surface.
An exam ple o f a picture taken using this method is shown in figure 3.
Figure 3. Sample used in flooring trial
2.3.3 Results
Results are ongoing and during the first part o f this trial, in com parison to the PVC 
and linoleum  sam ples, the ELO system  samples visually appear to be perform ing 
well.
As well as photography, another method o f assessing the samples is being 
undertaken. This is the m easurem ent o f the colour change which may indicate 
accum ulation o f soil or further curing with time.
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2.4 Colour Measurement
2.4.1 T heory
Colours can be m easured in a variety o f ways and have several different 
com ponents to their appearance. Colours can be light or dark as well as appear 
brighter o r duller. This is not simply a m easure o f the am ount o f black or white 
added to them, it is a factor o f other considerations as well.
H um ans perceive colour as light is reflected from  a surface or transm itted from  a 
source, absorbed by the rods and cones in the eye and converted via the optical 
nerve to the brain. Some o f the light waves are absorbed by the object and it is this 
reduction and rem oval o f light waves that gives an object its colour. It is also a 
reflection o f the wave range o f light that has been shone on the sample.
The human perception o f colour is highly subjective. Eye fatigue, age and other 
physiological factors can influence colour perception. A person’s description o f a 
colour is also highly individualistic as it w ill depend on their personal preferences 
and references. Therefore it is im portant to have a subjective m easure o f colour, not 
subject to hum an error.
The hue is described as how a person will perceive an objects colour, e.g. red, 
orange, green etc. The colour wheel below shows the continuum  o f colour from 
one hue to the next. The second disc shows the difference when chrom a is 
introduced- often described as the vividness or dullness o f a colour. Colours in the 
centre are grey, w hilst those at the edge are more vivid.
Less Chroma More
Yellow
Green
Figure 4. Disc showing hue and disc showing chromaticity (X-Rite, 2004)
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C olour is considered to be a three-dim ensional m easurem ent. If the lightness and 
darkness are ignored, the colour can be plotted on a two dim ensional graph with 
two axes, a* and b*. This is shown in the figure below.
O’
Red
Figure 5. The CIELAB colour chart (X-Rite, 2004)
The a* axis runs from  left to right. A colour m ovem ent in the +a direction depicts a 
shift tow ard red, one in the - a  direction a shift towards green. A long the b* axis, -i-b 
m ovem ent represents a shift tow ard yellow and a - b  m ovem ent towards blue. 
Therefore a colour with a high a* value and a negative b* value w ill appear purple.
If the third dim ension is reintroduced and this disc is part o f a sphere, the light and 
darkness o f a colour can be considered. This is shown by figure 6, below.
328
L*=100
while
l+b* yellow
- a ’
green
-b*
blue
Figure 6. The L* value is represented on the centre axis. The a* and b* axes 
appear on the horizontal plane (X-Rite, 2004)
The centre L* axis shows L = 0 (black or total absorption) at the bottom. At the 
centre of this plane is neutral or grey. Therefore, a colour that has a negative a* 
value and a zero b* value, with a high L* value will appear as a very light green.
Since colour can be described in this way, then a method of measuring these 
aspects is required. There are a number of instrumental methods o f measuring 
colour to L*, a* and b* co-ordinates, many of which use the application and 
reflection of a beam o f light. The method shown below was chosen as it was simple 
to apply in-situ and would give accurate details instantaneously. The method 
chosen and the means of operation are shown in section 2.4.3 below.
2.4.3 Method
At InterfaceFLOR, A Chroma Meter CR-210 was available as it is used to measure 
colour changes of production samples from trial samples. This was used to assess 
the colour of the samples.
“A pulsed xenon arc lamp is applied through a mixing chamber that produces a 
diffuse, even illumination across the surface o f the sample. Only the light reflected 
perpendicular to the surface is collected by the optical-fibre cable for color 
analysis” (Minolta, 1998). The equipment used is shown in the diagram below.
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CR-210
\ r  ' b
a. Pulsed xenon arc lamp ;/
b Baffle ---V' v '  • ' ■
c. Diffuser plate. . . -
d Optical-fibor cable for measuring sample 
. 9 Gptical-fiber cable for monitoring illumination 
f Sample •••- •
Figure 7. CR-210 optical system measuring head (Minolta, 1998)
A double-beam feedback mechanism measures both incident and reflected light 
through the use o f six high-sensitivity silicon photocells.
The illumination is applied over a 50 mm diameter circular area with a 0° viewing 
angle. This wide diameter is particularly useful for measuring surfaces that contain 
a variety of colours since spot colour is then averaged. The results are then 
averaged and values for L*, a* and b* are calculated.
“The use o f diffuse illumination and a large measuring area results in a reading 
that is affected by the amount o f specular reflection present” (Minolta, 1998). 
There are mechanisms in place to compensate for this, although very glossy 
surfaces cannot be reliably measured. The Chromo Meter is regularly calibrated 
using a calibration plate before use. It can be seen visually from the photograph 
below that this calibration plate has an equally reflective surface as the most glossy 
sample. Therefore the effect o f gloss may be discounted.
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Figure 8. Calibration plate and sample
Since the colour is already averaged over the surface, it is not necessary to 
undertake a number o f m easurem ents for each sample. However, a scouting trial 
was conducted whereby the same sample was repeatedly m easured using this 
method. This showed that there was high consistency with results. Since the 
sam ples are larger than the 50 mm diam eter m easuring head, for the purpose o f this 
trial, three different areas are m easured and the mean calculated.
2.4 .4  R esults
The samples were fixed in the trial area and measured on a m onthly basis. The 
results are ongoing and will be published in the final report. Early results show that 
there is some change in colour measured over time
2.5 D iscussion
The samples used in the flooring system appear to be perform ing well in a high- 
traffic environm ent. However, they are exhibiting signs o f soil. A fter the final set 
o f  m easurem ents, the samples will be thoroughly cleaned and com pared to results 
before cleaning. This w ill give som e indication o f the effect o f soil.
It may also be useful to consider the effect o f light bleaching on the samples. 
Therefore some samples will be subjected to a light fastness test, again for 
com parison purposes.
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3. Further Work
The flooring trials o f the epoxidised linseed oil (ELO) system are ongoing and in- 
situ assessments will be completed in May 2007. The samples will then be 
evaluated post-instillation. The samples will be removed from the floor and an 
attempt made to remove any excess soil and adhesive. The evaluation will involve 
measuring the sample dimensions, measuring weight, visual assessment and final 
colour measurement.
The effect o f ultra-violet light on samples of the ELO system will be assessed via 
the use o f industry standard light-fastness tests. A common test used in the textile 
industry is the Xenon fading lamp test, described in BS 1006:1990. Specimens are 
cut to 70 mm x 120 mm and mounted in small specimen holders. A 1,500W air- 
cooled xenon arc lamp is placed in a chamber.
“Slot-in specimen holders are mounted on a revolving rack and at a given distance 
in circular fashion around the vertical lamp unit. The rack rotates at 5 min-1. After 
each revolution o f the rack, the sample holders are turned 180° about their 
longitudinal axis. The surface area o f specimen radiated at any one time is 450 
cm2 in the case o f the test apparatus with a 1 500 W xenon arc lamp and 1 800 
cm2 with a 4 500 Wxenon arc lamp. ” (BS 1006:1990)
The specimens will be removed at the end of the testing period and inspected. This 
will be completed by the end of May 2007.
Stain resistance of the samples will also be assessed using a standard test procedure 
used in the carpet industry. Staining of floor coverings by spilt beverages is a 
common problem and it is likely that the spillage may not be cleaned immediately. 
An assessment o f staining by some common beverages will be made using in- 
house tests developed for textile and other floor coverings.
Staining solutions of 25 g/litre of coffee and a proprietary blackcurrant juice, 
containing food colorant dyes are used. These were chosen as they have been 
shown to provide the most staining since the coffee has disperse dye 
characteristics, whilst the blackcurrant juice has acid dye characteristics. The two 
spots o f each are placed on either side of the sample, as shown in the figure below. 
They are then left to dry at room temperature for 48 hours.
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Hot water extraction used
Coffee
Blackcurrant 
juice _
S ta in s  left fo r c o m p a riso n
Figure 1. Schematic o f stains applied to sample
A fter this tim e half the samples are cleaned using running distilled w ater until the 
w ater runs clear. The two stains were then com pared using a grey-scale and graded 
by fully trained assessors from  1-5 , where 5 is best perform ing. This stain 
resistance test will be conducted in April 2007.
As an addition to this project, a series o f presentations is also being conducted to 
key stakeholders at InterfaceFLOR. This is supported by a series o f  inform ative 
guides to the presentations which are distributed before the event. The aim  of these 
presentations is to obtain constructive feedback and seek a determ ined route for 
this project at the end of the period.
The rem ainder o f this project tim e w ill be spent com piling the results from  this 
investigation and assem bling them  together in a structured thesis docum ent before 
15th Septem ber 2007.
A Gantt chart describing the next six m onths is shown overleaf.
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2007
Activity Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Manufacture Test Samples
Light Fastness Testing
Stain Resistance Testing l-* i___ i
Rank Materials 3 :
Flooring Tests 
Report
Submit Paper 
Portfolio Additions
Presentation
Reports
Final Progress Report Alterations 
Portfolio Subm ission
Viva Voce
Figure 2. Gantt chart showing final six months progress
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Appendix A
An Investigation of Epoxidised Linseed Oil as an Alternative to PVC in 
Flooring Applications
D. Carter12, N.Stansfield1, R. Mantle1, C. France2 and P.Smith2
1. InterfaceFLOR, Shelf Mills, Halifax, UK. HX3 7LT
2. School of Engineering, University of Surrey, Guildford, Surrey, UK. GU2 7XH 
Abstract
This paper considers the sustainability issues regarding some of the materials used 
in flooring applications. A number of the products used contain a large amount of 
embodied energy and have issues with reuse, recycling and disposal. It is argued 
that epoxidised linseed oil, made from renewable resources, could provide an 
attractive alternative to PVC flooring products in some situations. The objective of 
this study is to assess the effect of processing parameters on the final cure product 
of epoxidised linseed oil and a di-acid cross-linker. The final cure product is 
assessed for performance through a variety of methods and compared to other 
flooring materials. This paper shows that for contract use, the product may have 
comparable performance to PVC products.
1. Introduction
The flooring industry has been low profile historically, spending little on 
advertising, until recently when this increased from £15 million in 2001 to more 
than £38 million in 2006. The burgeoning housing market coupled with the 
influence of home makeover shows has led to the growth in the home flooring 
industry which is now worth £2,030 million (Mintel, 2006).
The smooth flooring industry now makes up a significant portion of the home 
flooring market with a 35 % market share by value in 2006. It has continued to 
expand in recent years with a 163 % rise in sales between 1999 and 2004 and it was 
estimated that over £720 million would be sold into homes in 2006. Wood and 
laminates dominate this smooth flooring market with a 65 % market share and 
vinyl is next with 27 % by square metres sold (Mintel, 2006) - the remaining 8 % 
market share is divided between ceramic tile, linoleum, cork and stone.
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There has been increasing external pressure on the manufacturing supply chain of 
the flooring industry to demonstrate greater sustainability, e.g. through the use of 
renewable resources, reducing embodied energy, reusing, recycling and using the 
most appropriate method of disposal at end of life. Poly-vinyl-chloride (PVC) is 
used extensively in the flooring industry at the present time, as a top surface in 
vinyl, as a backing material and as a stand-alone product. PVC has also been 
problematic with claims to links of cancer and poor routes of disposal (CEC, 2000, 
Ohlson and Hardell, 2000, Forest et al, 1995).
The vinyl industry has attempted to address this challenge through reducing the 
energy required to manufacture, the water usage and the waste created during the 
manufacturing process (The Vinyl Institute, 2007). However, there remains a large 
amount of embodied energy in the finished product and it is difficult to reuse, 
recycle or dispose of without damaging the environment further. The resilience of 
vinyl can lead to long lifetimes in comparison to other materials and can make 
them an attractive product.
As indicated already, linoleum, which is often confused with vinyl, makes up 
currently a very small proportion of the market for smooth floor coverings. 
Linoleum has been manufactured from linseed oil, which is attractive as it is a 
renewable resource. Linseed oil is produced from the flax plant, which yields oil 
and linen. Around 1 million tonnes of oil is produced annually, with 60,000 tonnes 
used in the EU- of whichl5,000 are used in the technical and chemical industries 
(Spencer, 2002). The oil has been used as a paint binder, wood finisher and in the 
production of linoleum. The oxidation of linseed oil through exposure to 
atmospheric conditions and the application of heat allow it to form a leathery skin, 
which, combined with the fillers and other reagents gives linoleum its hard-wearing 
properties (Simpson, 1997). Linoleum has been found to be a more 
‘environmentally favourable’ option to other flooring such as vinyl and 100 %
PVC products (Johnsson et al, 1997, Potting and Blok, 1995).
Although the production process for linoleum has been optimised, it has not been 
extensively modified in the last 150 years and the manufacturing process is 
constrained to large rolls, which in turn require complex instillation procedures.
The time taken for linoleum to season is around two to four weeks in drying rooms. 
This time would be considered excessive for any other flooring industry, such as 
the carpet industry, which, while seeking material to replace PVC in the carpet 
backing, requires a finished product to be delivered in days. This has contributed to 
linoleum becoming more of a niche product as sales have declined. Manufacturing 
time could potentially be reduced through the epoxidisation of the linseed oil, 
which may also provide comparable performance to PVC products.
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Epoxidised linseed oil (ELO) can be formed from the linseed oil during 
commercial processes. There may be concerns that this process consumes a large 
amount of energy. While this energy is not negligible, it is in fact comparable to the 
energy consumed through the use of fertilisers during the flax crop-growing phase 
(Bartmann et al, 2000). ELO has been shown also to be environmentally preferable 
to petrochemicals in other applications (Diehlmann et al, 2000) and therefore it 
may be considered that it would be environmentally preferable to PVC.
The purpose of this work is to investigate the reaction of ELO with a known di­
acid, without the presence of a catalyst, in order to form a cured system that could 
be capable of substituting for linoleum or part of the carpet-manufacturing process.
In section 2 of this paper the materials used are described. The ELO is a long- 
chained acid and therefore a cross-linker was required to bind with the liquid ELO 
to produce a solid material. The two components are detailed separately.
Section 3 describes the process of manufacturing the samples. This process had to 
be controlled carefully in order to ensure both accuracy and replication of large- 
scale manufacturing processes. A number of samples were manufactured by 
replicating some of the processing conditions for PVC in a plant that manufactures 
backing material for carpet.
Section 4 describes the tests that were used to assess performance. Initially a large 
range of materials were investigated and characterised using tensile tests. The 
range of material variables comprised change in molar ratio of components, cure 
time and temperature. This scoping exercise established a ‘best and worst-in-class’ 
for the ELO system, without the need to undertake a large number of flooring tests, 
since these tests require a large area of material (> 1 m2) for each specimen.
The two chosen materials were then tested using the industry standard tests for 
flooring and the results compared to those obtained from a PVC tile. These tests 
showed that the new material could indeed replace the PVC in some performance 
applications.
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2. Materials and Methods
2.1 Epoxidised Linseed Oil (ELO)
ELO is available commercially from a number of outlets and was obtained as 
Lankroflex L from PolyOne Polymer Coating Systems. The fatty acid composition 
of linseed oil is dominated by C18 fatty acids, C18:2 (16 % of oil) C18:3 (50% of 
oil) (Turner, 1987). The main fatty acid, linolenic acid (C18:3) contains three 
carbon-carbon double bonds (Boquillon and Fringant, 2000). These are the bonds 
that are oxidised in the production of linoleum. However, these bonds can also be 
epoxidised to form a highly reactive chemical that can be readily cured with 
different anhydrides in the presence of a catalyst.
An epoxide is a cyclic ether with only three ring atoms. The ring is approximately 
an equilateral triangle with highly strained bonds at 60° to each other. The strained 
ring makes epoxides highly reactive and susceptible to nucleophilic addition via the 
use of an acid or base. The ELO is composed mainly of epoxidised linolenic acid. 
The chemical structure is shown in figure 1.
0 0 0
Figure 1. Schematic of epoxidised linseed oil 
2.2 Cross-linker
The ELO requires a cross-linker in order to create a solid structure. The cross­
linker was selected in accordance with a number of criteria. The primary 
requirement was that the entire system had initially to be liquid at room 
temperature and therefore suitable for use in the current manufacturing process 
used for backing carpet with PVC and producing vinyl flooring. This pre-requisite 
was addressed during the course of a preliminary investigation into the system 
(Koelewijn et al, 2005).
The cross-linker is produced currently from non-renewable resources. There is no 
rationalisation for this and much of the structure of the cross-linker could 
potentially be replaced by renewable resources, further reducing the environmental 
impact of the system (Hardy, 2005).
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The di-acid cross-linker is formed from the heating of dipropylene glycol in the 
presence of maleic anhydride and a schematic of the cross-linker produced is 
shown in figure 2.
Figure 2. Schematic of maleic monoester used to cross-link ELO
Once the oil and cross-linker are combined, the constituents will eventually harden 
at room temperature although this process will take a matter of days (Koelewijn et 
al, 2005) -  the reaction is shown schematically in figure 3. An elevated temperature 
will of course speed up the rate of reaction.
Figure 3. Schematic of reaction of ELO with crosslinker to form networked 
system
Patents and papers (Kastl et al, 2000, Boquillon and Fringant, 2000) have described 
the production of a solid material from ELO in more detail. The present paper is 
concerned primarily with the performance of the system in flooring applications, 
after manufacture using elevated temperature and atmospheric pressure that can be 
converted simply to an industrial scale. The manufacturing method use is described 
in the next section.
HO n O < .OH
ELO
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3. Method of Sample Manufacture
In order to produce solid samples of known size, the two liquid components needed 
to be mixed together to form a specific volume of material. This would usually 
require around 500 ml of liquid to produce sufficient samples for the screening 
programme of tests.
The ELO and cross-linker were mixed thoroughly using a magnetic stirrer at 3000 
rpm for 2 minutes. This speed and time were chosen as it has previously been 
shown to provide an effective mix (Koelewijn, 2005). This speed and time were 
also used in further trial experiments in which a vegetable dye was added and 
visual inspection suggested that the dye was distributed evenly after 2 minutes of 
stirring.
Previous experiments had shown that the system would be cured fully after a cure 
cycle of 150°C for 30 minutes (Koelewijn, 2005, Boquillon and Fringant, 2000). 
The mould to be used was pre-heated in an oven to 5°C above the desired 
temperature. The elevated temperature was required as there is a temperature fall 
when the oven door is opened. The mould was removed, the liquid poured into the 
mould and then replaced in the oven. However, immediately upon returning the 
mould to the oven, the temperature was reset to the desired value with a variance of 
±1 °C, in line with typical processing controls on an industrial scale.
After the required amount of time, the mould was removed from the oven and the 
sample was removed. It is placed on a wire rack in order to allow full air 
circulation at room temperature.
There are no British Standards that describe the post-cure conditioning required for 
this particular system. However, there are examples within the standards for other 
plastics and these are used here. Plastics that have undergone cure often need to 
come to equilibrium, which is achieved through conditioning. In the present study 
samples were left at room temperature for 72 hours. This ensured that any resilient 
processes have completed in accordance with BS EN ISO 1798:1999.
For each set of samples, at least six specimens were produced- this is to ensure that 
there were at least five samples that are suitable for testing, as specified in BS 
2846-2:1981 ISO 2602-1980.
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Batches of samples were manufactured with a view to assessing the process 
variables indicated below
Molar ratio of components when cured at 150 °C for 30 minutes
Cure times at a molar ratio of 2.5:1 (Cross-linker: ELO) when cured at 180 °C
Cure temperatures at a 2.5:1 molar ratio (Cross-linker: ELO)when cured for 30 
minutes
The 2.5:1 molar ratio was kept constant during the cure time and temperature 
parametric studies since simple stoichiometric considerations suggested that this 
ratio should give near-full cross-linking, although complete cross-linking would 
not be expected in practice because the mix hardens as cross-linking progresses and 
the mobility o f the molecules decreases rapidly.
180°C is the temperature at which carpet backing systems are processed currently 
in order to cure the PVC applied. Therefore this temperature was used for 
comparison purposes and to assess the feasibility of substitution.
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4 Tensile Tests
4.1 Test Method
Tensile tests are often used in the materials industry to give an indication of 
properties in service. During use, materials may be subjected to a number of 
loading regimes, e.g. short and long term, including fatigue and creep and dynamic 
impacts. These will affect the ability of that material to withstand further loading. 
Tensile tests are designed to replicate some of the extreme conditions and therefore 
give an indication of what will occur in practice.
These individual tests do not require a large amount of material, although it is 
important that a number of tests are conducted to verify significance.
The sample was then cut out using a hand press and cutter specified by BS EN ISO 
1798. The material is cut into a dumbbell shape (see figure 4). This shape is used to 
provide a region of well-defined gauge length, in which the stress can remain 
constant during testing, and to reduce the likelihood of premature fracture at the 
grips of the machine.
Figure 4. Dumbbell used in tensile test
The cut samples are conditioned for 24 hours to ensure that the atmospheric effects 
are the same with each test. A controlled atmosphere is used for traditional flooring 
tests of 65 ±5 % RH and 20 ± 1 °C. It therefore seemed prudent to use this 
conditioning for the samples in each case, as well as testing in this environment.
After conditioning and cleaning off any loose particles, the central portion of the 
dumbbell was measured across the width and thickness to ± 0.1 mm. Three 
measurements were taken and the arithmetic mean value for the width and 
thickness calculated. Five samples were measured in turn and the results logged.
The gauge length was marked on the samples, approximately equidistant from the 
mid-point, not more than 50 mm ± 1mm apart (EN ISO 1798:1999).
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The test specimens were then clamped in the Testometric Micro 350 calibrated by 
UKAS to ISO 5893 and BS EN ISO 7500-1:1999 to grade 0.5, taking care to align 
the longitudinal axis of the test specimen with the axis of the testing machine and 
to set the gauge length correctly. The samples were tested in accordance with BS 
EN ISO 527-1:1996 BS 2782-3: Method 321:1994 ISO 527-1:1993 in order to 
determine the tensile behaviour of the test specimens. The stiffness of the machine 
has been calculated by the manufacturers and is accounted for in the electronic 
calculation of the distance moved by the crosshead.
The test specimens were extended along its major longitudinal axis at a constant 
speed of 100 mm/min until fracture. Any fractures that occurred outside the gauge 
length, within 10 mm of the jaws or which were associated with an obvious defect 
were discarded.
The maximum force and elongation was measured electronically using the 
Testometric Micro 350 and a stress-strain graph could be derived, similar to the 
schematic in figure 5.
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Figure 5. Schematic stress-strain curve
From the graphs, the properties of ay (yield stress) and £max (maximum strain) were 
then determined. The Young’s modulus of elasticity was calculated from the stress 
at a strain of 0.0005 and the stress at a strain of 0.0025 (i.e. a secant modulus 
between 0.05 and 0.25% strain in accordance with BS EN ISO 527-1:1996).
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These calculations were completed for each of the samples and the arithmetic mean 
and standard deviation were found.
4.2 Results and Discussion
4.2.1 Results
The results from the tensile tests are shown in figures. 6 - 8 .  Figure 6 shows the 
effect of varying molar ratio at constant cure time and temperature, figure 7 shows 
the effect of varying time at a constant molar ratio and cure temperature and figure 
8 shows the effect of varying cure temperature at a constant molar ratio and cure 
time. The data points represent the average of at least five tensile tests and the 
extent of the error bars indicate plus and minus one standard deviation. The solid 
lines highlight the trends of the data.
10.00 70.00
- 60.00
-  50.00
t>.00a4»
^  5.00V)3
= 4.00
o
J  300
cr>
§ 2.00 o 
>
40.00
- 30.00
20.00
10.00
0.00 0.00
0.00 0.50 1.00 1 50 2.00 2.50 3.00
M olar R atio  (D iacid:ELO )
| Young's Modulus (MPa) * Nominal Peak Stress (MPa) Nominal Peak Strain (%) |
Figure 6. Mechanical properties measured as a result o f tensile tests on material 
cured at 150 °C for 30 minutes
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Based on the results of the above tests, “best” and “worst” samples were identified. 
The best results were from a 2:1 molar ratio, cured at 150°C for 30 minutes (now 
termed sample A) which had a Young’s Modulus of approximately 6 MPa and a 
peak stress of just less than 2 MPa, although it did not have the highest strain to 
failure. The worst results were from a 1:1 molar ratio, cured at 150°C for 30 
minutes (now termed sample B) which had a low Young’s Modulus and peak 
stress, with an associated low strain to failure. The tensile results for samples A 
and B are plotted in figure 9, together with results for a sample C, which is a PVC 
tile that has been used as a stand-alone flooring product. In summary, the samples 
were:
• Sample A- 2:1 molar ratio, cured at 150°C for 30 minutes
• Sample B- 1:1 molar ratio, cured at 150°C for 30 minutes
• Sample C- A PVC tile that has been used as a stand-alone flooring product
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Figure 9. Mechanical properties determined from tensile tests on samples also 
tested using traditional flooring tests
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4.2.2 Discussion
4.2.2.1 Effect of Varying Molar Ratio
It is clear from the graphs in the previous section that varying the process 
parameters has a significant effect on the properties investigated (Young’s 
Modulus, strain to failure and peak stress).
With regard to molar ratio, theoretically at a molar ratio of 2.5:1 all the reactive 
groups have combined to create the strongest polymer. If there are a larger number 
of cross-links, there will be a larger amount of force required to break these links 
and destroy the polymer, therefore the polymer will be stronger. However, it can be 
seen that the nominal peak stress tends to increase and then decrease with a peak at 
a ratio of diacid: ELO of approximately 2:1. There is a similar trend observed for 
the Young’s Modulus with a peak occurring at a ratio of approximately 2:1 
followed by a sharp fall.
This peak can be explained if the mobility of the components is considered. In 
order for the reactive groups to combine, they must first meet. As the reaction 
occurs, a more viscous polymer begins to form. As the viscosity increases, the 
mobility of the components decreases and therefore there is less likelihood that the 
reactive groups will meet and combine further. There comes a finite point beyond 
which the mobility of the reactants is restricted and no further reactions can occur, 
despite an increase in cross-linker added to the system. At higher molar ratios, 
there will be excess diacid in the system. It is suggested that this will then act as a 
plasticiser and fill the gaps left by the cross-linking process. This is shown by the 
decrease in Young’s Modulus and peak stress beyond the 2:1 ratio.
The more diacid that there is available for cross-linking, the greater the likelihood 
that an individual reaction will occur and consequently, the greater the amount of 
cross-linking. If there are more cross-links in one system than another, it will have 
a greater Young’s Modulus and strength. This is because there is more force 
required to stretch and break the higher density of bonds.
4.2.2.2 Effect of Varying Cure Time
Figure 7 shows that at 180 °C increasing the cure time has a dramatic effect on 
Young’s Modulus. There is a less obvious effect seen on the peak stress and strain 
to failure.
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As described above, mobility and curing is an issue as the two components are 
mobile in the liquid form and must meet for the reactive groups to combine to form 
a solid polymer. These areas of solid polymer forming in the two liquid 
components cause the liquid to be more viscous and therefore the remainder of the 
reactive groups are less mobile as reaction time continues.
Visual observation suggested that the material was solid after 5 minutes 
conditioning at 180°C. Beyond these five minutes it is argued that the reactants are 
not sufficiently mobile to create any new cross-links between independent 
molecules. Heat is continuously added to the system as it is held at elevated 
temperature. This heat energy may be used by the system in other ways, such as 
increasing the number of cross-links with neighbouring molecules and therefore 
increasing the stiffness and strength of the system.
The peak stress continues to increase gradually with cure time, whereas strain to 
failure remains relatively stable. It is theorised that this is because the strain will 
not increase any further with additional cross-linking.
It has already been shown that the peak stress and Young’s Modulus at 150 °C for 
30 minutes occurs at a 2:1 ratio. Therefore it is theorised that there is excess diacid 
in this system. With the heat energy input this excess diacid may react further with 
the ELO, although a lack of mobility may restrict these reactions.
There is a plateau in the Young’s Modulus and peak stress that occurs after 20 
minutes. It may be that beyond this time there are no further reactions that can 
occur as neighbouring molecules have reacted as fully as they are able. Therefore 
the stiffness and strength will not increase further.
4.2.2.3 Effect of Varying Cure Temperature
Figure 8 shows the effect of altering cure temperature on mechanical properties. It 
can be seen from this graph that there is little change in peak stress with an increase 
in temperature. There is also little change in the strain to failure. However,
Young’s Modulus falls slightly with an increase in temperature.
It was shown by the previous experiments that after 5 minutes at 180 °C the system 
had become solid. It is theorised that at these cure temperatures the systems would 
also have been cured at times much less than 30 minutes. The visual observation of 
the cure indicates that the reactants are no longer mobile and therefore cross-links 
between different molecules are unlikely. There may however, be further cross- 
linking between neighbouring molecules.
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At greater temperatures, with excess diacid, it is theorised that there are a greater 
number of reactions that become available, as the activation energy required is 
surpassed. If a greater number of reactions are possible, then the material will 
become more viscous more quickly and mobility of constituents will be lost.
The excess diacid may also react with individual ELO molecules, creating shorter 
chain molecules and a less stiff structure. This would explain the slight drop in 
Young’s Modulus, with little effect on the peak stress.
4.2.2.4 Tensile Tests of Samples used for Flooring Tests
The tensile tests gave some indication of performance to be expected in service. 
The next part of this investigation is to verify that this is the case. The two samples 
chosen from the tensile tests were compared with a PVC tile that is sold as a single 
polymer product. The results are shown in figure 9.
The tensile tests showed that Sample C, the PVC product, had a markedly higher 
Young’s Modulus, peak stress and peak strain that the other samples. Sample A 
had properties that were approximately twice that of sample B. Therefore it would 
be expected that sample C would outperform both the ELO system samples in the 
flooring tests, described in the section below.
5 Flooring Tests
5.1 Test Methods
Flooring products can be tested using a variety of methods to assess if they are ‘fit- 
for-purpose’. These tests are designed to ensure that the customer receives a 
product that is suitable for their needs and this is often specified through the use of 
a grading system. The grading system for the carpet industry will assign a number 
which designates the level of use that a carpet can undertake in practice- from 
heavy contract to light domestic use. The flooring tests result in a grading between 
1 and 5, relying on the expert judgment of professionally trained assessors through 
visual assessment, where 5 is the best in terms of fitness-for-purpose under heavy 
contract use. Two tests used in this investigation were the Vetterman drum test and 
the Lisson-Tretrad test.
British Standard BS ISO 10361:2000 describes the Vetterman drum and hexapod 
tumbler tests. They both work on the same principle of simulating the conditions of 
use. The Vetterman drum is a large apparatus that revolves with a steel ball inside. 
This ball has rubber feet, designed to fatigue the flooring which is lining the inside 
of the drum. A circular brush constantly removed broken fibres. The apparatus is 
shown in figure 10.
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1 Extraction of brushed fibres
2  Rubber stud
3 S teel ball
4 Vulcanized-fibre backing sh e et
5 Metal drum
6 Circular brush
Figure 10. Diagram o f Vetterman drum test
The Lisson-Tretrad test (BS EN 1963:1998) also describes a method of abrasion 
resistance measurement (see figure 11). A series of rubber feet are loaded and 
slipped on the flooring, similar to the scuffing that might be expected from 
dragging shoes.
Figure 11. Lisson-Tretrad test close showing abrasion as feet slip on specimen
After each test the flooring was then assessed for changes in appearance and graded 
by a professionally qualified assessor.
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Another important test in the flooring industry is the resistance to the application of 
a static load. In the lifetime of a flooring product there are often a number of heavy 
pieces of furniture that will provide a consistent heavy load.
BS 4939:1987, ISO 3416-1986 describes a method of testing designed to measure 
this effect. A known pressure was applied to the sample of flooring, through the 
use of a heavy load and circular foot for 1 hour. The resulting loss of thickness was 
measured and recorded. The load was then re-applied for a further 23 hours. After 
the load was removed, the appearance was again assessed.
5.2 Results
The results of the static loading, Vetterman drum and Lisson-Tretrad tests are 
presented in Table 1.
Test Type Measured Quality A
(2:1 molar 
ratio)
B
(1:1 molar 
ratio)
C
(PVC tile)
Mass g per m2 10300 10000 7400
Thickness mm 9.9 10 6.9
Static loading Compressibility (mm) 0.2 0.5 0.4
Depth of marks after 1 hr 0 0 0.1
Visibility of marks (Grade) 5 5 5
Vetterman Drum 
(5000 revolutions) 
(Grade)
Structure 5 5 5
Shade 5 5 5
Overall change of appearance 5 5 5
Final rating 5 5 5
Vetterman Drum 
(22,000 revolutions) 
(Grade)
Structure 4.5 3 5
Shade 4.5 3 5
Overall change of appearance 4.5 3 5
Final rating 4.5 3 5
Lisson-Tretrad 
(400 cycles) 
(Grade)
Structure 5 3.5 5
Shade 5 3 5
Overall change of appearance 5 3.5 5
Final rating 5 3.5 5
Table 1. Results o f flooring tests. Where grading is shown it is scaled 1-5, where 
5 is suitable for heavy contract use, 4 is suitable for medium contract use, 3 is 
suitable for light contract use and 1-2 are domestic ratings reserved for the 
home market.
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5.3 Discussion
The static loading test results were performed on similarly-sized material as would 
be expected in practice. These show that sample A performed slightly better than 
C, which in turn was considerably better than sample B. However, all samples 
received a grade 5 based on their performance.
All of the samples performed particularly well in the Vetterman Drum test after 
5,000 revolution, achieving a grade 5. However, after a complete cycle of 22,000 
revolutions sample B was considerably worse than the other samples. Sample A 
and C remained comparable with only a slight variation in performance.
After 400 cycles on the Lisson-Tretrad test samples A and C both achieved a top 
grading. Again, sample B achieved a slightly poorer rating of light contract. 
However, even this grading could be acceptable.
The tests showed that sample A and C would have been passed at a heavy contract 
rating- suitable for any number of applications in practice. The results from the 
flooring tests shown in table 1 can be compared with the tensile test results shown 
in figure 9. The tests show the comparison between two resins cured at 150 °C for 
30 minutes with different molar ratios (2:1 and 1:1, samples A and B respectively) 
and the PVC tile- sample C.
It was clearly seen that sample C had a much higher Young’s Modulus, peak stress 
and strain to failure than the resin samples. Sample A, the 2:1 molar ratio, also had 
appreciably higher properties than sample B, the 1:1 molar ratio.
It might therefore be predicted that sample C would perform significantly better in 
the flooring tests than the resin samples. However, it was seen that both sample A 
and C perform well, achieving a level 5 (heavy contract) in a number of categories. 
Given that the mechanical properties were so dissimilar, with sample C performing 
exceptionally well, this result is surprising.
In the example of these particular tests it can be seen that sample A is fit for the 
purposes of these tests and would be passed as a level 4.5. Sample A is therefore 
adequate for the purposes of flooring. It is suggested that the performance of PVC 
in these tests far exceeds that required for the most demanding contract use since it 
achieved the highest grading in a number of tests.
It is still debatable exactly which combination of Young’s Modulus, peak stress 
and strain to failure would be more beneficial for a flooring product. It is 
anticipated that a combination of both would be preferable and this has been 
validated by the preliminary flooring tests.
353
6 Concluding remarks
ELO, processed with a cross-linker has been investigated as a potential flooring 
material. To do this the effect of process parameters on material properties has 
been used as a preliminary screening to identify candidate materials for more 
extensive flooring investigations.
It has been shown that altering processing parameters of this system can be 
effective in changing material properties. Strain increases with increasing molar 
ratio, whereas the Young’s Modulus and peak stress peak at the 2:1 molar ratio 
(Cross-linker :ELO). It has also been shown that increasing cure time will have a 
dramatic effect on Young’s Modulus, but less so on peak stress and strain to 
failure. Altering the cure temperature during a 30 minute cure time has little effect 
on the mechanical properties.
The compliment of flooring tests have shown that the material manufactured from 
ELO and the cross-linker can pass a heavy contract rating. The ELO system is 
therefore fit for the purpose of providing a flooring surface, albeit at different 
ratings depending on processing parameters. The system has been shown to be 
competitive for performance against a PVC tile when used as a flooring material.
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